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BAHASA MALAYSIA VERSION
Bahan berasaskan kalsium oksida (CaO) telah dicadangkan sebagai calon yang berpotensi untuk menyerap
CO2 untuk mengurangkan pembebasan karbon dioksida (CO2) ke atmosfera terutamanya daripada loji kuasa
pembakaran bagi bahan api fosil. Dalam penyelidikan ini, aragonit (CaCOs), kalsit (CaCOa), kalsium
hidroksida (Ca(OH)2) dan bahan-bahan lengai digabungkan dengan kalsium hidroksida (Ca(0H)2) telah
disintesis melalui proses hidroterma, hidroterma bersama sol-gel dan kaedah pemendakan. Pelbagai
parameter: seperti suhu hidroterma (8 jam - 72 jam), penambahan poliakrilamida (RAM), kepekatan natrium
hidroksida (NaOH) (2 M - 10 M), kepekatan cetrimetilamonium bromida (CTAB) (0.2 M - 0.9 M) dan
penggabungan pelbagai bahan lengai (Mg. Zr. Ce dan (Zr-Ce)) telah dikaii. Kemudian, prestasi penjerapan
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C02 oleh penjerap berasaskan kalsium oksida (CaO) dari sampel-sampel yang disintesis telah dikaji. Dalam
kes kaedah hidroterma, rod nano aragonit (CaCOs) 1D telah diperhatikan pada sampel yang disediakan
dengan menggunakan kaedah hidroterma selama 72 jam apabila PAM digunakan sebagai bahan tambah.
Manakala rod nano aragonit 1D diperolehi tanpa penggunaan PAM pada sampel 12Jam. Kaedah sol-gel
hidroterma bersama 2 M NaOH menghasilkan kalsit (CaCOa) 3D sferamikro berongga, manakala kalsium
hidroksida (CajOHja) berstruktur nano diperolehi melalui kaedah pemendakan pada 0.9 MCTAB. Mg, Zr, Ce
dan (Zr-Ce) yang ditambahkan kepada Ca(0H)2 sampel mempamerkan morfologi permukaan yang berbeza.
Kapasiti penjerapan CO2 kalsium oksida (CaO) yang diperolehi daripada rod nano aragonit CaCOs 1D, kalsit
CaCOs 3D berstruktur nano sferamikro berongga dan kalsium hidroksida Ca(0H)2 selepas kitaran pertama
adalah 0.80 g-C02/g-penJerap, 0.62 g-C02/g - penjerap dan 0.71 g-C02/g-penjerap. Walau bagaimanapun,
kapasiti ini menurun masing-masing kepada 0.38 g-C027g-penjerap, 0.39 g-COz/g-penjerap dan 0.48 g-
C02/g-penjerap selepas 10 kitaran. Keputusan menunjukkan CaO yang terhasil daripada Ca(0H)2 dengan
luas permukaan 64.57 m^/g mempamerkan kapasiti penjerapan CO2 terbaik selepas 10 kitaran (0.48 gC02/g-
penjerap), tetapi penurunan kapasiti penjerapan dengan bilangan kitaran masih diperhatikan. Pembangunan
kestabilan kitaran dapat diperhatikan dalam bahan penjerap berasaskan CaO yang diperolehi daripada
sampel Mg, Zr, Ce dan (Zr-Ce) yang ditambahkan kepada Ca(0H)2. Bahan penjerap berasaskan CaO yang
dihasilkan daripada Mg-Ca(0H)2 menunjukkan sedikit penurunan dalam kapasiti dari 0.67 g-C027g-penjerap
kitaran pertama kepada 0.57 g-C02 /g-penjerap selepas 10 kitaran, manakala bahan penjerap yang
berasaskan CaO dihasilkan daripada Zr dan sampel Ce-ditambahkan kepada Ca(0H)2 masing-masing
mempamerkan kestabilan kitaran yang jelas sepanjang 10 kitaran sebanyak, 0.38 g-C02/g-penjerap dan 0.24
g-COz/g-penjerap. Bahan penjerap berasaskan CaO yang diperolehi daripada asetat (Zr-Ce) yang
digabungkan kepada Ca(OH)2 telah meningkatkan kapasiti daripada 0.59 g-COz/g-penjerap selepas kitaran
pertama kepada 0.63 gCOz/g-penjerap selepas 10 kitaran. Kapasiti penjerapan yang lebih tinggi dan
kestabilan kitaran yang lebih baik semasa 10 kitaran adalah disebabkan oleh luas permukaan BET yang
tinggi (155.80 m^/g), pelbagai taburan saiz Hang mikro/meso (1.7 nm - 30 nm) dan kehadiran CezZrzOio
sebagairintangan pensinteran padasuhu yang tinggi.
ENGLISH VERSION
Calcium oxide (CaO) based materials have been proposed as potential candidates for CO2 adsorption
to reduce the emission of carbon dioxide (CO2) into the atmosphere especially from the combustioh of
fossil fuel power plants. In this research, aragonite (CaCOz), calcite (CaCOz), calcium hydroxide(Ca(0H)2) and inert materials incorporated calcium hydroxide (Ca(OH)z) were synthesized by
hydrothermal, sol-gel assisted hydrothermal and precipitation methods, respectively. Various
parameters such as hydrothermal temperature (8 h - 72 h), addition ofpolyacrylamide (PAM), sodium
hydroxide (NaOH) concentration (2M-10 M), cetyltrimethyl ammonium bromide (CTAB) concentration(0.2 M- 0.9 M) and different inert incorporated materials (Mg, Zr, Ce and (Zr-Ce)) on as-synthesized
samples were characterized. And then, the CO2 adsorption performances of calcium oxide (CaO)
based adsorbents derived from as-synthesized samples were investigated. In the case ofhydrothermal
method, ID aragonite (CaCOz) nanorods are observed at 72 h hydrothermal reaction time when PAM
is used as an additive, whereas ID aragonite nanorods are ot)tained without using PAM at 12 h
reaction time. In sol-gel assistance hydrothermal method, 3D calcite (CaCOz) hollow microspheres are
attained with 2 M of NaOH concentration, while nanostructured calcium hydroxide (Ca(0H)2) is
obtained by precipitation method at high CTAB concentration of0.9 M. On the other hand, Mg, Zr, Ce
and (Zr-Ce) incorporated Ca(OH)z samples exhibit different surface morphologies. The C02 adsorption
capacities of calcium oxide (CaO) derived from ID aragonite CaCOa nanorods, 3D calcite CaCOa
hollow microspheres and nanostructured calcium hydroxide Ca(OH)2 after first cycles are 0.80 g-
COz/g-adsorbent, 0.62 g-COz/g-adsorbent and 0.71 gCOz/g-adsorbent, respectively. However, these
capacities drop to 0.38 g-COz/gadsorbent, 0.39 g-COz/g-adsorbent and 0.48 g-COz/g-adsorbent after
10 cycles, respectively. It can be seen that CaO derived from Ca(OH)z with surface area 64.57 m^/g
exhibits the best CO2 adsorption capacity after 10 cycles (0.48 g-COz/gadsorbent), but the decay in
adsorption capacity with number of cycles is observed. The development of cyclic stability can be
observed in CaO-based adsorbents derived from Mg, Zr, Ce and (Zr-Ce) incorporated Ca(OH)z
samples The CaO-based adsorbent derived from Mg-Ca(0H)2 shows slightly decrease in capacity
frorn 0 67 g-COz/g-adsorbent after first cycle to 0.57 g-COz/g-adsorbent after 10 cycles, while CaO-
based adsorbents produced from Zr and Ce-incorporated Ca(0H)2 samples exhibit the obvious cyclic
stability during 10 cycles, 0.38 g-COz/g-adsorbent and 0.24 g-COz/g-adsorbent, respectively. The CaO-
based adsorbent derived from (ZrCe) acetates incorporated Ca(OH)z sample increases the capacity
from 0 59 g-COz/gadsorbent after first cycle to 0.63 g-COz/g-adsorbent after 10 cycles. The higher
adsorption capacity and better cyclic stability during 10 cycles are attributed to the high BET surface
area (155.80 m^/g), a wide range of micro/mesopore size distribution (1.7 nm - 30 nm) and the
presence ofhigh temperature sintering resistance CezZraOio compound.
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ABSTRACT
One-dimensional TiOananotube arrays produced by the anodization of Ti foil at 60 V in an
ethylene glycol bath containingammonium fluorideand 1 wt% H2O holds a promise as a
photocatalystfordegradationof methylorange.However, as-anodizedTi02 nanotubes are
amorphous in nature, imposing constraints on the potent use of this nanostructure.
To address this issue, the as-anodized TiOz nanotubes were annealed in inert (argon),
reducing (nitrogen), or oxidizing (oxygen) atmosphere at 500 "C for 4 h. The amorphous
TiOa nanotubes were successfully transform into anatase phase after annealing. In this
study, the TiOj nanotubes annealed in argon exhibited the highest degradation rate of
methyl orange (MO) solution under ultraviolet irradiation among the samples, Tlie
degradation rate was approximately 98% after 5 h, which may be ascribed to the large
amount of oxygen vacancies and defects (carbon) within the Ar-TiOj sample that
simultaneously increased the degradation rate of MO. Oxygen vacancies and defects
could be favorable in capturing photoinduced e" during the photocatalytic reaction such
that the recombination of e" and h"^ could be effectively inhibited.
© 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Titanium dioxide (Ti02) nanotube arrays have attracted
significant interest in the scientific community because it
has been proven as a robust and cost-effective functional
material [1]. Therefore. Ti02 is widely investigated in
various applications, such as photocatalysis [2.31, solar cells
[4-7], implant materials [8-10]. ft is well known that
Ti02 exists in three crystalline polymorphs, namely rutile.
anatase and brookite. Rutile is the most stable phase,
whereas anatase and brookite are metastable phase and
transform to rutile upon heating [11.12). The rutile phase
has been widely used for pigment materials because of its
chemical stability [13| while the anatase phase has been
widely used in photodegradation due to its high photo-
activity [14,15]. The anatase phase is considered more
photoactive than the rutile because of its larger specific
surface area and easy hydroxylation [16].
The effect of thermal treatments on the photoactivity of
the nanotubular Ti02 will be of interest, because of the
possibledifferences in the surface chemistry. Furthermore,
annealing atmosphere could affect the stoichiometi-y of
the Ti02 and result in different band gap states because of
the presence of oxygen vacancies [17,18]. It is generally
accepted that oxygen vacancies enhance the reactivity of
the Ti02 surface [19,20]. Oxygen vacancies present on the
surface of Ti02 nanotubes help dissociate water and form
•Corresponding author. Tel.; +604 599 5255; fax: +604 594 1011.
E-mail addresses: siimala@>eng.usm.niy (S. Sreekantan).
cwlai@um.cdu.my (C.W. Lai).
1369-8001/$-see front matter © 2013 ElsevierLtd. All rights reserved.
http://dx.doi.Org/10.1016/j.mssp.2013.12.019
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two hydroxyl groups by transferring proton to the oxygen
atom, which lead to the enhancement of the photocatalytic
activity of Ti02 [21).
In this work, non-metal doped Ti02 nanotubes are
developed using carbon (C) as dopant. The doping of C to
Ti02 nanotubes give rise to the possibility of band gap
engineering of the material during its fabrication without
any structural collapse [22). Surface modification by C
doping, could increase the lifetime of the electron-hole
pairs and extend the light absorption to the visible region.
This process also introduces new energy level in the band
gap energy ofTi02 nanotubes so that the electrons (e~)
and holes (h"^) recombination could be reduced [21], thus,
non-metal doped Ti02 photocatalyst can exhibit satisfac
tory photocatalytic activity even under solar light.
We hypothesized that annealing Ti02 nanotubes in inert
or reducing atmosphere will substantially increase the den
sity of oxygen vacancies, and thereby enhance the photo
catalytic efficiency and the charge transportation. To prove
this hypothesis, the as-anodized Ti02 nanotube samples are
annealed in inert gas atmosphere (argon) and reducing
atmosphere (nitrogen). Oxygen-treated Ti02 nanotubes are
prepared to compare the effect of annealing atmosphere on
the photocatalytic activity. The influence of oxygen vacancies
formed during the annealing process on the luminescence
emission is also investigated in this study. Such a mechanistic
understanding is very important to control the density of
oxygen vacancies within the nanotubes, which may be used
in future environmental purification applications.
2. Experimental details
Titanium foils with thickness of 127 pm (99.7% purity)
were purchased from Strem Qiemicals, USA. The Ti foil was
cut into 1x5 cm dimension for anodization. The anodization
of Ti was performed in ethylene glycol (EG) (C2H6O2.
> 99.5%: Merck, USA) containing 03 wt% ammonium fluor
ide (NH4F, 98%: Mercl<, USA) and 1 wt%deionized water (Dl).
Anodization was carried out by maintaining a constant
power of 60 V between the working electrode (Ti) and the
cathode (Pt) using a DC power supply (Keithley BAN 2600).
Each Ti foil was anodized for 1 h at room temperature. Prior
to anodization, the Ti foils were sonicated in acetone for
15 min, rinsed with Dl water, and air dried. The as-anodized
nanotubes were amorphous in nature. Annealing was per
formed in a tube furnace to obtain crystalline phases of C-
Ti02. The improvement of nanotubes crystallinity may
enhanced the photocatalytic activity of Ti02 nanotubes
[23). The temperature was maintained constant at 500'C
for 4 h. Heating and cooling to the set temperature were
carried out at a ramping of 5 "Cmin~' to avoid thermal
cracking (24). Three different atmospheres, namely, inert:
argon (Ar), reducing: nitrogen (N2). and oxidizing: oxigen
(O2). were used forannealing in this study.Thesampleswere
denoted as Ar-Ti02. N2-Ti02. and 02-Ti02. respectively. The
morphology of the Ti02 nanotubes was observed with a
field-emission scanning electron microscope (FESEM; Zeiss
Supra 35VP, Germany) operating at 5 kV. The samples were
fixed on a 45" stage to observe the cross-sectional morphol
ogies. The actual length was determined by dividing the
observed length by cos 45°.The crystalstructure of the T1O2
nanotubes were analyzed by X-ray diffraction, with Cu Ka
radiation (XRD: Bruker D8. Bruker GmbH. Germany). X-ray
photoelectron spectroscopy with Al cathode (/iu= 1486.6 eV)
radiation operated at 100 W (XPS: PHI Quantera SXM,
ULVAC-Phi, Inc., Japan) was used to investigate the surface
properties. The XPS spectra were further deconvoluted by
the Gaussian-Lorentzian curve-fitting technique using the
Multi Peak Software V.9.0 (ULVAC-Phi. Inc., Japan). The
photoluminescence (PL) spectra were measured at room
temperature with a spectrometer (LS55 Jobin-Yvon HR 800
UV) using a monochromatic beam with wavelength of
325 nm, where is generated by He-Cd laser. The PLemission
was recorded from 350 nm to 800 nm. The photocatalytic
activity of Ar-Ti02. N2-Ti02. and 02-Ti02 were studied by
degradation of methyl orange (MO) solution under UV light
irradiation. Each samplewith an area of4 cm^was dipped in
30 ml of methyl orange solution (30 ppm) in a customized
photoreactor made of quartz glass. Titanium (IV) oxide,
anatase (< 25 nm particle size, 99.7%, nanopowder, Aldricli)
or Ti02 (Anatase) aqueous dispersions with the ratio of
400 mg: 30 ml were used for comparison. For comparison
purpose, a control sample without Ti02 nanotubes was also
investigated. Tlie quartz tube with MO was irradiated by
germiddal UVC light (ultraviolet light with wavelength
280 nm) at 120 W for 1-5 h. The determination of MO
concentration was performed using a Cary50 UV-vis spectro-
photometer (Varian Corp). The degradation rate (%) was
calculated by the following equation:
D= [(Co-Q/Co] X100% (l)f
where D is the degradation rate, and Co and C are the
concentrations of the MO solution before and after irradia-'
tion. respectively.
3. Results and discussion
3.7. Film morphology of C-T1O2 nanotubes
In this study, the anodization of the Ti foil was
conducted in EG electrolyte containing 0.3 wt% NH4F and
1 wt% H2O at 60 V for 1 h to fabricate well-aligned Ti02
nanotube arrays. Fig. 1 shows the top view FESEM images
of the (a) as-prepared Ti02 nanotube layers, Ti02 nano
tubes annealed in (b) argon (Ar-Ti02). (c) nitrogen
(N2-Ti02). and (d) oxygen (02-Ti02) atmosphere at 500 C
for 4 h. Insets show the cross sectional morphology of the
T1O2 nanotubes. The length of the as-anodized Ti02 nano
tubes were approximately 8 pm and the average diameter
was about 95 nm. Notably, the opening of the nanotubes
annealed in different atmospheres had almost similar mor
phology without any damaged to the tube structure.
32. Crystal structure
X-ray diffraction analysis was used to investigate the
phase present in the Ti02 nanotubes. The XRD patterns of
the as-prepared Ti02 nanotubes and Ti02 nanotubes
annealed at 500 ""C for 4 h in Ar, N2, and O2 atmosphere is
presented in Fig. 2. The as-prepared TiOa nanotubes was
amorphous, and the nanotubes are transformed into ana
tase phase upon annealing at 500 °C [25]. The prominent
mFig. 1. FESEM images of (a) as-prepared Ti02 nanotubes andTiOi nanotubes annealed at 500 Cfor4 h in (b) Ar-Ti02, (c)Nz-TIOz and (d) 0j-Ti02:
Fig. 2. XRD spectra of (a) as-prepared Ti02 nanotubes and Ti02 nano
tubes annealed at 500 "Cfor 4 h. (b) Ar-Ti02. (c) N2-Ti02 and (d) 02-Ti02.
first peak (A) was assigned to (101) plane of anatase
(JCPDS, No. 00-021-1272). The peak was observed at the
2(f position at 25.3". However, the peak was strongly
dependent on the annealing atmosphere. The intensity of
the N2-Ti02 was slightly smaller compared with that of the
Ar-Ti02 and 02-Ti02. The phase transformation kinetics
from amorphous Ti02 nanotubes to anatase was different
when the nanotube samples were annealed in different
atmospheres. The highest percentage of the crystallinity of
Ti02 nanotubes were achieved when the samples were
annealed in Ar atmosphere 125|.
Wavelength (nm)
Fig. 3. PL spectra of TiOa nanotubes annealed at 500 "C for 4h.
(a) Ar-Ti02, (b) N2-Ti02 and (c) 02-Ti02.
3.3. Photoluminescence property
Tlie photoluminescence (PL) spectra of Ar-Ti02, N2-Ti02.
and 02-Ti02 are shown in Fig. 3. The room temperature PL
was obtained using an excitation wavelength of 325 nm in
the range of 350-1000 nm. All samples exhibited two pre
dominant peaks at around 408 nm and around 528 nm to
580 nm. These emissions were due to the recombination of
the free carriers. A small UV photoluminescence band
centered at about 408 nm was obseived for all samples. This
band is related to an electron transition from the valence
band (VB) to the conduction band (CB) (band-to-band
transition. (02p-»Ti3d) 127). Given that the PL emission is
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The doping of C into Ti02 nanotubes induced the formation
of a new state above VB. which is attributed to the C 2p state
of the interstitial carbon, as well as new state below the CB,
corresponding to antibonding C-0 state produced due to the
formation of oxygen vacancies. For C)2-Ti02, annealing in
oxygen diminished the oxygen vacancies [26]; hence, strong
PL emission was observed at ~553 nm (~2.3 eV). No anti-
bonding of the C-0 state was observed below the CB. except
for the C 2p state above VB. The schematic (Scheme 1)
displays the pathway of the electron excitation from the
valence band to the conduction band of Ti02 nanotubes
under irradiation. Therefore, annealing in N2 and Ar caused
the formation of oxygen vacancies; thereby leading to
reduced e~ and h"*" recombination rate.
3.4. Chemical composition
Further investigations of the findings were carried out
by XPS analysis. The binding energy of the element was
influenced by the e~ density. High binding energy indi
cates the lowering of the e~ density. Fig. 4a shows the XPS
spectra of the Ti 2p region. The Ti 2p3/2 spectra of N2-Ti02
and 02-Ti02 can be fitted as one peak at 458.58 eV.
Compared with the binding energy of the Ti'*'^ of
Ar-Ti02 at 458.23 eV (Ti-O-Ti). a red shift of 0.35 eV was
noted for N2-Ti02 and 02-Ti02, indicating the decreased
e" densities on the Ti atoms compared with the Ar-Ti02
sample. This result may be attributed to the doping of C
into theTi02 nanotubes [32] and the formation ofTi-C-0
bond (28). For Ar-Ti02, lower binding energy shows that
the samples contained high amount of oxygen vacancies.
The oxygen vacancies increased the e~ cloud density
associated with Ti'*'*" |33): thereby lowering the binding
energy of Ti 2p3/2. Meanwhile, the XPS signals of O Is
(Fig. 4b) for Ar-Ti02 were observed at the binding energy
around 529.7 eV. However, for the N2-Ti02 and 02-Ti02
samples, the binding energy was increased to 529.4 eV.
indicating the decrease of the e~ density. Compared with
Ti. C can transfer fewer electrons to O in Ti-C-0. leading to
a decrease in e~ density and high binding energy of 0
atoms. Another XPS of 0 Is was observed at 531.4eV.
which is closely related to the hydroxyl groups ("OH),
resulting from the chemisorbed water [34]. Fig. 4c shows
the XPS spectra for the C Is region. Three peaks at
284.5 eV. 285.8 eV, and 288.4 eV were observed for all
the samples. The peak at 284.5 eV came from the adven
titious elemental carbon. A binding energy of 281 eV was
invisible, showing that the C did not replace the O lattice
[30]. However, the Catom was displaced to the interstitial
position, resulting in the formation of Ti-C-0 bonds,
comprising carbonate species. Hence, the binding energy
at 286.5 eV was present, which is attributed to the inter
stitial C in the Ti02 lattice that occurs during the pyro-
genation of EG [30]. Meanwhile, the peak at binding
energy of 288.4 eV could be ascribed to a small amount
of carbonate species present on the surface. Our results
were similar to the theoretical expectation of Asahi et al.
[35]. The VB of the Ti 3d recorded for N2-Ti02 is shown in
Fig. 5. The value of the valence band maximum (VBM) of
N2-Ti02 was 2.4 eV below the Fermi level (£B=OeV). as
determined by fitting a straight line to the leading edge
[36]. while that of 02-Ti02 was 2.3 eV and Ar-Ti02 was
2.4 eV (data not shown). This result is consistent with
those determined from PL. The reduction in Eg is attributed
to the doping of C in Ti02 nanotubes in the interstitial
position.
3.5. Photocatalytic activity
The photocatalytic activity of the fabricated samples was
further evaluated by the degradation of MO under UV light
irradiation. For comparison, the degradation of MO solution
over the Ti02 (Anatase) nanopowder was also carried out. As
shown in Fig.6. when the reactions were conducted without
catalyst (Blank), only 25% MO solution was degraded indicat
ing that the UV alone are not efficient to degrade organic
dye. The degradation of MO in the presence of any catalyst is
far much better than that under UV irradiation alone. O2-
Ti02 arrays exhibited low percentage of degradation of
~85% after exposure to UV irradiation for 5 h. as similar to
that of TIO2 (Anatase) nanopowder. The highest MO degra
dation rate of about 98% was successfully achieved using the
Ar-Ti02 sample, while N2-T1O2 had 95%. Herein, it is worth
mentioning that the degradation efficiency of fabricated
VBMN
•Blank
KT1O2 (Anatase)
a02-ri02
e.N2-ri02
aAr-Ti02
VBM=2.4eV
3 4 5 6 7
Binding Energy (eV)
Fig. 5. VBM of Nz-TiOj.
2 3
Time (hour)
Fig. S. Comparison between the fabricated samples, TiOj (Anatase) and
blank for degradation of MO solution under UV light irradiation.
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samples (C-TiOa nanotubes) than that of commercially
available Ti02 (Anatase) nanopowder.
The activity orders of all the samples well agree with
their corresponding PLintensity orders: the stronger the PL
intensity is, the lower the photocatalytic activity is, indicat
ing that the annealing process in the N2 and Ar atmosphere
could successfully inhibit the electrons and holes recombi
nation. The inhibition of the e~ and h"^ recombination
could be explained by two pathways. First, the surface of
the hydroxyl group can be trapped by the holes to fomi the
hydroxyl radicals. Second, the e~ is trapped by the oxygen
vacancy from carbon doping. Oxygen vacancies could pro
mote the adsorption of O2, indicating that the binding of
photoinduced e~ on the oxygen vacancies could capture
the photoinduced electrons of the adsorbed O2. The gener
ated e~/h^ pairs react with the OH" and O2 molecules on
the catalyst surface to form 'OH and 02~ superoxide anion
radicals, respectively. The 02~ radicals then interact with
the adsorbed H2O to produce more *0H radicals [37,38].
These 'OH radicals react with and mineralize MO. Thus,
oxygen vacancies and defects were in favor of photocataly
tic reactions, in that O2was active to promote the oxidation
of organic substance. Therefore, in this study, annealing in
N2 and Ar atmosphere could effectively inhibit the recom
bination of the photoinduced e~ and h"^, thereby forming
the highest photocatalytic activity.
4. Conclusion
Efficient photocatalytic C doped Ti02 nanotubes were
successfully synthesized by anodization method and sub
sequent annealing in Ar, N2. and O2 atmosphere with
predominantly anatase phase. The mid-gap energy asso
ciated with the oxygen vacancies and defects were
detected by PL spectrophotometer. Carbon doping in the
interstitial position of Ti02 lattice forming Ti-C-0 bond
was revealed in the XPS results. The VBM ofTi 3d detected
in XPS was similar to that of the PL emission, which is
2.4 eV. Oxygen vacancies and carbon doping affected the
photocatalytic activity. Large amount of oxygen vacancies
and defects present in Ar-Ti02 effectively inhibited the
recombination of e~/h"^ pairs, thereby achieving the high
est photocatalytic activity. This work provided an alter
native method for designing highly efficient catalysts for
advanced water and wastewater treatment.
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Currently, some of the major problems affecting the world are air pollution as well as microbial
contamination. Every time we breathe, we are risking our lives by inhaling dangerous chemicals and
biological contaminants that have found their way into the air. Therefore this work focuses on the
antibacterial activity oFAg—Ti02 to overcome the microbial contaminant and infectious disease. Ag—TiOj
nanosolution were synthesized by sol-gel method and found to be an effective visible light driven
photocatalyst. The nanosolutions were characterizedby X-ray diffraction (XRD). transmittance electron
microscopy (TEM), photoluminescence (PL)spectra, and X-ray photoelectron spectroscopy (XPS). At the
concentration of 0.2-0.1 M, Ag—TiOz caused 100% inhibition of bacterial growth. The antibacterial effi
cacyof Ag-TiOi was evaluated with two kinds of bacteria; Gram-positive and Gram-negative.The colony
count of Ag-TiOzagainst Gram-negative were evaluated with stain such as Escheric/iia co/i, fteudomonos
aeruginosa and Shigella while for Gram-positive were investigated with Staphylococcus aureus. Bacillus
subtilis. Baciffus cereus. Colony count results indicated that Ag-TiOz able to kill bacteria at the lowest
concentration of 0.05 M that contains 0.06 mol %Ag. From the SEM and TEM observation, the survival of
the Gram-positive was low and the decomposition was rapid as compared to Gram-negative bacteria.
© 2014 Elsevier Ltd. All rights reserved.
1. Introduction
According to the fact sheet updated by the World Health Or
ganization (WHO) in 2011, 2 million out of 59 million premature
deaths each year are attributed to polluted indoor air. In tropical
countries like Singapore and Malaysia, warm and humid climate
aggravates the growthofindoorbiological contaminants.Theuseof
air conditioners, humidifiers and unvented heaters increases
moisture over interior surfaces. Hence, this encourages the growth
of biological pollutions such as allergens and may cause asthma,
cough, mumps, rubella, pneumonia and influenza. Moreover, more
than 60 bacteria, viruses and fungi are documented as infectious
airborne pathogens (Jacoby. Maness. Wolfrum, Blake. & Fennell,
1998). Hence, the control of indoor air quality through econom
ical and effective inactivation of microorganisms is required.
Stoimenov, Klinger, Marchin, and Klabunde (2002) have
demonstrated that highly reactive metal oxide nanoparticles
exhibit excellent biocida! action against Gram-positive and Gram-
negative bacteria. The bactericidal efficiency of photocatalysis us
ing UV and TiOz has also been tested in the treatment of pathogenic
microbes including bacteria, fungi, viruses and cancer cells
(Haghighi, Abdi, & Haghighi, 2011; Kangwansupamonkon,
Lauruengtana, Surassmo, & Ruktanonchai, 2009; Ijigopati et al..
2010; Wu, Xie. Imlay, & Shang. 2009), but the use of ultraviolet
for effective photocatalysis gives adverse effects to the human body.
Using fluorescent light can be an attractive and alternative light
source since indoor environments, especially hospitals and office
premises are commonly illuminated using fluorescent light. TiOz
coupled with fluorescent light has a vast potential for indoor air
disinfection due to low power consumption, less frequent
♦ Corresponding author.
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maintenance requirement and compatibility with the heating
*ventilation system (Yang & Wang. 2008).
Silver (Ag) is another material that exhibits excellent antibac
terial effect to microorganisms (Sondi & Salopek-Sondl, 2004); for
this reason silver-based compounds have been used extensively in
many bactericidal applications. However, the tendency of silver to
oxidize impedes the antibacterial efficacy. It is known that metal
particles in the nanometer size range exhibit remarkable properties
with highly active facets, which are different from both the ion and
the bulk material (Morones et al.. 2005; Yacaman. Ascencio, Liu. &
Gardea-Torresdey. 2001). Thus, research has extended the potential
application of Ag—Ti02 nanoparticles against Gram-positive and
Gram-negative bacteria; thus provide the best approach to kill
bacteria. Ag—7102 can also expand the spectral response of 7102
photocatalyst to the fluorescence light.
Bacteria have different membrane structures which allow a
general classification of them as Gram-negative or Gram-positive
(Morones et al.. 2005). Gram-positive and Gram-negative bacteria
had differences in their membrane structure, the most distinctive
ofwhich is the thickness of the peptidoglycan layer (Umadevi. Rani.
Balakrishnan. & Ramanibai. 2011). Some studies have shown Gram-
negative bacteria are more effectively killed than Gram-positive
bacteria (Kim et al.. 2007; Vijayaraghavan, 2012). While, some
research reported that Gram-positive bacteria are more easily kil
led than Gram-negative bacteria (Adams, Lyon. & Alvarez, 2006).
Some studies also showed heterogenous photocatalysis toxic to
both Gram-positive and Gram-negative (Emami-Karvani &
Chehrazi, 2011; Ravishankar Rai & Jumuna Bai, 2011). Due to the
contradicting results, thus study investigated possible antibacterial
effects against two kinds of bacteria; Gram-positive and Gram-
negative, using Ag 7i02.
The deactivation of both Gram-positive (Staphylococcus aureus)
and Gram-negative (Pseudomonas aeruginosa, Escherichia coli)
bacteria with 3 %and 7 %Ag-7i02 nanoparticles was reported by
Gupta, Singh. Pandey. and Pandey (2013). The viability of the
three microbes was reduced to zero at 60 mg/30 mL culture.
Annealed Ti02 showed zero viability at 80 mg/30 mL For P. aeru
ginosa 7% Ag—Ti02 showed zero viability at 40 mg/30 mL culture
(Gupta et al.. 2013). The antibacterial activity in this work was
evaluated relatively at high concentration of silver. Therefore the
objectiveof this research is to improve the antibacterial properties
of Ag—Ti02 nanoparticles that can kill 6 types bacteria under
fluorescent light. The utilization of Ag—Ti02 nanoparticles with the
size less than 6 nm that is incorporated with low amount (0.06 mol
%) of Ag to kill both Gram-positive and Gram-negative bacteria is
proven. Physical properties, antibacterial study, the reason for the
differences in killing Gram-negative and Gram-positive were
elucidated.
2. Materials and methods
2.1. Synthesis procedure
Ti02 nanosolution was prepared based on our preliminary work
(Ibrahim & Sreekantan, 2010) using a simple sol-gel method.
Titanium (IV) isopropoxide (TTiP) and isopropanol were added
dropwise into beaker containing deionized water (Dl) under
vigorous stirring. The mixture was stirred until homogenous white
colloids are formed. The prepared solution was centrifuged at
3000 rpm for 15 minutes to form precipitates. An appropriate
amount of silver nitrate was mixed upon hydrolysis process. These
precipitates were then peptized <100 °C to get clear transparent
solution.
The preparation of7102nanoparticles involves 2 steps. The first
step is hydrolysisand condensation processes which resulted in the
formation of titanium hydroxide. The second step is peptization
process which turned white precipitation to transparent sol. Hy
drolysis and condensation reactions started immediately upon
mixing titanium tetraisopropoxide (TTiP) with distilled water, as
indicated by the rapid increase in turbidity and precipitation of
white floes at the bottom of the vessel. The rapid precipitation is
due to the electronegativity of the alkoxy groups, O4C12H28 (also
known as OR), which makes the metal atom such as titanium be
comes highly prone to nucleophilic attack. The reaction ofTi(OR)4
with water leads to the formation of hydroxides. Two chemical
processes, namely hydrolysis and condensation are involved in the
formation of a three-dimensional oxide network from Ti(0R)4. The
overall reaction of the alkoxy groups with water can be summa
rized in Equations (1) and (2) (Mahshid. Ghamsari, Askari. Afshar, &
Lahuti, 2006; Vorkapic & Matsoukas, 1998).
Ti(0R)4 + 4H20-^Ti(0H)4 + 4R0H(hydrolysis) (1)
Ti(0H)4 -»Ti02•XH2O + (2 - x)H20(condensation) (2)
where R is the isopropoxide. The structure and morphology of the
oxide strongly depend on the hydrolysis and condensation re
actions (LIvage, Henry. & Sanchez. 1988). The nature of the metal
atom, structure of the molecular precursor, water/titanium ratio,
type of solvent, solvent concentration and temperature are
important parameters that affect the hydrolysis and condensation
reactions. In order to obtain titania sol, the white precipitates were
chemically peptized with HNO3([HNOsl/fTi) = 1).The homogenous
milky white solution formed upon reaction of titanium tetraiso
propoxide (TTiP) turned into clear transparent solution after
peptization.
22. Characterization analysis
Analysis of the crystalline structures was performed by XRD
diffractometer (Bruker AXSD8), which was operated at 40 kV and
40 mV.The particle sizes were obtained by transmission electron
microscope (TEM) images on a Philips CM12 instrument with an
accelerating voltage of 120 kV. Photoluminescence (PL) spectros-
copy,Jobin Yvon HR 800 UV was used to obtain the optical prop
erties of Ti02 nanoparticles. The elemental composition was
determined by energy-dispersive X-ray photoelectron spectros-
copy (XPS). Afield-emission scanning electron microscope (FESEM;
Zeiss,Supra 35VP)operating at a working distance of 4 mm with an
accelerating voltage of 5 kV was used to investigate the morphol
ogies of the microorganisms.
2.3. Colony count
MHA powder was prepared according to standard method.
1 X 10® cells were prepared by comparing to McFarland suspen
sion culture standard no 0.5 and using a spectrophotometer to
count bacterial colonies. 7102 nanoparticles were exposed to
fluorescence light for 2 hours. The samples were immersed in
suspension culture and incubated for 24 hours at 37 "Con a shaker
at 200 rpm. 100 pi of suspension culture was collected and diluted
using 10-fold serial dilution with an addition of 900 pi MHB.The
melted agar was poured carefully in the plate and was left to so
lidify at room temperature. 100 pi of solution from each dilution
was placed onto agar plate and swabbed with a swab stick until it
covered whole surface. The plates were incubated at 37 °C for
24 hours and the number of bacteria was determined by a colony
count method.
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2.4. Bacterial adhesion
Bacterial adhesion was investigated on glass slide and cotton
covered with Ag—Ti02nanoparticles. The area of the substrates was
0.5 cm X 0.5 cm. Prior to seeding, substrates were placed into a
12-well culture dish and were rinsed twice with PBS. Bacteria were
then seeded at 90 million/well and were allowed to adhere
for 4 hours in a standard bacteria culture incubator at a 37 "C hu
midified and 5%CO2. At the end of the prescribed time period (1
and 4 hours), the media was aspirated, and the substrates were
washed twice with PBS. The surfaces were imaged under SEM after
1 and 4 hours of bacteria growth. Prior to imaging, the bacteria
were fixed and dehydrated. The surfaces were rinsed twice in PBS
and then soaked in the primary fixative of 2.5% glutaraldehyde
(Sigma) for 24 hours. The surfaces were washed with PBS for
20 minutes twice. The bacteria were then dehydrated by repladng
the buffer with increasing concentrations of ethanol (35.50.75.90
and 95%)for 10 minutes each. Then, the bacteria were air dried for
30 minutes. The dried specimens are then mounted on to a SEM
speciiiieu stud witli duuble-sided sticlty tape. The morphology of
the cells was observed using scanning electron microscope (FESEM;
Zeiss. Supra 35VP).The surface of the sample was sputtered with
platinum prior to FESEM observation.
2.5. Cell morphology observation by TEM
The collected treated cells were fixed with 2% glutaraldehyde
and 1%osmium tetraoxide at room temperature. After eliminating
the remaining glutaraldehyde and osmium tetraoxide. the dehy
dration process was conducted with 30.50.70.80,95 and 100% of
alcohol. The fixed cells were embedded with resin, and a small
block of bacteria in the resin was cut using PT-XL PowerTome Ul-
tramicrotomes (RMC Products. Boeckeler Instrument. Inc.. Tucson.
Arizona) and stained with toluene blue for examination. Ultrathin
sections were then stained with uranylacetate solution (1%) and
lead citrate solution (1%). The treated cells were viewed under
LIBRA 120 Energy Filtering Transmission Electron Microscopes
(EFTEM. Carl Zeiss MicrolmagingGmbH. Jena. Germany).
3. Results
3.1. XRD analysis
Fig.1 shows the XRD patterns of 0.06 mol %Ag—Ti02. It can be
observed that the sample has four peaks located at 2d angle of
25.00.37.98,48.00 and 54.10° representing (101), (004), (200) and
(105)planes, respectively. The presence ofsilverwas not able to be
detected due to the limitation of the XRD to examine samples
below 2 wt %. The peak intensity of anatase Ag-Ti02 slightly
decreased as the presence of Ag"*" suppressed the crystallization of
anatase by adsorbing onto the surface of Ti02 particles (Yu. Xiong,
Cheng. & Liu. 2005). The ionic radius of Ag^ (0.126 nm) was
much larger than Ti'^ (0.068 nm) (He. Yu. Hu. & Larbot. 2002).
Therefore, it was difficult for Ag"*" to enter the lattice of the anatase
phase to form a stable solid solution. Hence. Ag"*" migrated from
Ti02 grains to the surface of Ti02.
32. TEM observation
Fig. 2 depicts TEM micrographs of Ag-Ti02. The morphology
and the size distribution of this nanosolution indicated that the
uniform structure of the tetragonal anatase phase was well
dispersed in the range of 3—6 nm. When 0.06 mol % silver was
added, it can be seen that the size and the shape of the TIO2
remained unchanged.
40 50 60
2 theta (degree)
Rg. 1. XRDpattern of (a) TiOj. and (b) Ag-TiOj
3.3. PL analysis
The PLemission results ofTi02 and Ag—Ti02are shown in Fig. 3.
The PL emission spectra from 350 nm to 900 nm wavelength were
investigated. A maximum peak of the TiC)2 transmission band was
found at approximately 557 nm, corresponding to the band gap
energy of about 2.22 eV. A blue shift of the peak of the Ag—Ti02
sample was observed from 557 nm to 545 nm, indicating the re
covery of the oxygen vacancies in the Ti02 nanoparticles after Ag
incorporation. There was a significant decrease in the intensity of
PLspectra with the addition ofAg.The intensity of the Ag—TiOz was
low due to Ag° deposited on the surface that acted as traps to
capture the photoinduced electrons. The photogenerated electrons
were transferred onto the Ag surface rather than undergoing the
recombination ofelectrons and holes which decreased the PLsignal
(Xin, Jing, Ren. Wang. & Fu. 2005; Yu et al.. 2005).
3.4. XPS analysis
The general scan spectrum of XPS over a large energy range at a
low resolution was used to identify the elements present in
Ag—Ti02 as shown in Fig. 4(a). It can be seen that Ti, 0. Ag and C
elements exist on the surface of the Ag—Ti02samples.The XPSpeak
for CIS at Eb = 284.5 eV was due to the adventitious hydrocarbon
300 • /sstX
250 •
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Rg. 2. Photoluminescence (PL) spectra of (a) Ti02 and (b) Ag-Ti02.
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TiOi
Fig. 3. TEM images of Ag-TiOz.
from the XPS instrument itself (Yu et al.. 2005). It is also related to
organic surface contamination (Won. Wang, Jang. & Choi, 2001).
The XPS peak for Nwas observed due to the residual elements from
the precursor solution.
Fig. 4(b)showsthe XPS spectra ofTi2pofAg-TiOz. Thepeaksfor
Ti 2p3/2 and Ti 2pi/2 for Ag-TiOz nanoparticles were observed at
454.9 and 460.6 eV. respectively. The peak separation (5.7 eV) be
tween Ti 2pi/2 and Ti 2p3/2 was retained aftersilver incorporation
which was attributed to Ti''"^; this suggests that the surface of
Ag—TiOz nanoparticles was dominantly composed of TiOz. How
ever. Ag incorporation increased the intensity and altered the po
sition of Ti2p peaks. The binding energy of Ti2p3/2 for Ag-TiOz
decreased from 455.1 to 454.9 eV.The shift is due to the Fermi level
of Ag species which is lower than that of TiOz that allows the
electron transfer from TiOz to Ag state (Guin, Manorama, Latha, &
Singh. 2007). This eventually results in the outer electron cloud
OKLL
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Ag3di2
Ag3d37 i;\ (c)
ic ^
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Btxlui; Enenylt^*)
density ofTiand Ag to change and results in the shift of the binding
energy.
Fig. 4(c) shows Ag 3d core level XPS scanned at a higher reso
lution. The Ag 3d spectrum of Ag-TiOz consists of two individual
peaks at 369.8 and 363.8 eV that can be attributed to Ag Sds/z and
Ag 3d3/2 binding energies, respectively. The splitting of the 3d
doublet is 6.0 eV. which indicates that Ag deposited on the surface
of TiOz nanoparticles is in the state of metal Ag"" (Liang. Cui, Zhu,
Liu. & Yang, 2011; Liu. Liu, Hao. & Chu. 2012; Liu, Wang. Yang. &
Yang. 2008: Mcincldl & Bhciirddiaryya, 2012). Since the radius of
Ag"^ (1.2G A) is much larger than that of (0.69 A). Ag"*" tons
introduced by the sol-gel process would not enter the lattice of
TiOz. but remain deposited at the surface of TiOz. For the Ag ions
spreading on the surface of TiOz, under the action of heat, they
would be reduced into Ag° due to the high redox potential for the
Ag"^ ion (Kment et al.. 2010). The main peak of the XPS spectra of
01s was attributed to the Ti—0 in TiOz (Fig. 4(d)). The minor peak
was due to the hydroxylgroup. The hydroxyl on the surface can be
attributed to the Ti-OH on the nanoparticles.
3.5. Antibacferial activity
MIC is the lowest concentration to inhibit the visible growth of
bacteria in in vitro studies. Fig. 5 shows that the concentration of
Ag-TiOz of 0.2-0.1 M caused 100% inhibition of the bacterial
growth. The MIC value of Ag-TiOz was found to be 0.1 Mwhere no
colony was found at the lowest dilution.
The antibacterial activities of Ag-TiOz against different types of
bacteria were conducted by using the colony count method. Fig. 6
shows the number of bacterial colonies of Gram-positive
(S. aureus, Bad//us sufafiiis, Baci/ius cereus) and Gram-negative
(E. co/j, P. aeruginosa. Shige/la) bacteria after 24 hours of treatment
with 0.05 M Ag-TiOz. It can be seen that the number of bacterial
colonies ofE. co/i, P. aeruginosa, Sliigella are 500 x 10^, 665 x 10^
TUpj/i
A
TUpi/z ij 1
Al-TiOz
460 455
BinduigEiKTjy(eNO
S3S 530 525
Biodiag Eofigy (cV)
Fig. 4. (a)XPS survey spectrum for Ag-Ti02 (b) Ti2p. (c) Ag3d and (d)01s.
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(a) E.coli (b) B. cGreus
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m
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Fig. 8. Transmission electron micrographs of (a)£ coli and(b) fl. cereus after treated with Ag-Tt02 for6 and 12h.
the time. The ROS generated will inactivate the biological target
which are DNA, RNA, proteins and lipids in bacterial cells and kill
the bacteria. This process is in agreement with Kim. Hwang, and
Choi (2005). Silver ions had degraded lipopolysaccharide mole
cules. accumulated inside the membrane by forming 'pits' and
caused a large increase in membrane permeability. The bacteria
effectively killed on Ag-Ti02 nanoparticles even under fluorescent
light.
4. Condiisions
The preparation of Ti02 solution in the nanometer range has
been effectively carried out through sol gel assisted peptization
method. Anatase Ti02 nanoparticles of 3—6 nm was formed. No
presence of silver in XRD results showed the Ag content is less than
2 wt %. PL analysis revealed the recombination of electrons and
holes is prevented in Ag—Ti02. XPS confirmed the presence of Ag on
Ti02 surface. Antibacterial activity showed 0.2—0.1 M of Ag-Ti02
can kill 100%of bacterial growth. The survival of the Cram-positive
bacteria was found to be lower than Gram-negative bacteria. SEM
and TEM showed that Gram-negative bacterial cells have some
distortion in their cell structure, while Gram-positive bacterial cells
showed critical changes and damage in their membrane structure
after 12 hours of exposure to Ag—Ti02. Ti02 nanoparticles with the
size less than 6 nm and the lowest amount of 0.06 mol % of Ag
capable of killing both Gram-positive and Gram-negative bacteria
at a particular time.
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ABSTRACT
Small copper (Cu^"*^) dopant levels were successfully diffused into titanium dioxide
(titania or Ti02) nanotube lattice via an incipient wet impregnation technique. This study
investigated the optimum Cu^* dopant content to be incorporated into the TiOi
nanotubes to acliieve an effective lead ion (Pb(II)) removal system. The exclton states of
the PL intensities varied in the following order; pure Ti02>0.6M Cu-TiO2>0.1M
Cu-TiOj > 0.06 M Cu-Ti02 > 0.01 M Cu-Ti02. The significant quenching of the PLintensity
indicates that incorporation of the appropriate amount of Cu^"*^ dopants into the Ti02
lattice markedly enhanced the charge-carrier separation and transport. The photocatalytic
ability of the samples was evaluated by the removal of the Pb(II) ions under UV
illumination. The results show that the Cu dopants in the Ti02 lattice at the optimum
concentration (0.8 at%) acted as photoinduced electron mediators and thus increased the
Pb(M) ion removal efficiency. The maximum Pb(ll) ion removal rates for the 0.01 M
Cu-Ti02 nanotubes and after five hours of UV illumination were approximately 56.3%and
79.5% at pH 5 and pH 11, respectively. The generation of strong oxidizing agents (-OH
radicals) effectively reduces Che toxic Pb(II) ions into PbO/PbOH.
© 2014 Elsevier Ltd. All rights reserved.
1. Introduction
The rapid growth of electronic waste (e-waste) volumes
in the Association of Southeast Asian Nations (ASEAN)
region has increasingly gained international attention.
Economies face huge demands for electrical and electronic
products, whereas governments are confronted with diffi
culties in dealing with the increasing volumes of e-waste
[1]. In addition, economic growth and higher living stan
dards has led to a rapidly increasing demand for electrical
and electronic equipment (EEE) [l]. As a consequence,
large volumes of waste and pollution are discharged into
streams, rivers, or seas. In a scientific report. Goosey [2]
showed that the volumes of e-waste are growing three
times faster than that of average solid waste. In addition, at
least 50 million tons of e-waste are produced each year (3).
The U.S. Environmental Protection Agency (U.S. EPA)
estimates that only 15-20% of e-waste is recycled: the rest
of these electronics go directly into landfills and incinera
tors [4]. Thus, initiatives and strategic measures must be
immediately implemented to remove toxic heavy metal
ions from e-waste.
Among various types of semiconductor photocatalysts,
titanium dioxide (Ti02) has the most promising photocatalysts
•Corresponding author.Tel.: +60 45995255; fax: +60 45941011.
E-mail addresses; srimala@usm.my (S. Sreekantan).
cwlai®um.edu.my (C.W. Lai).
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in environmental purification because of its strong oxidiz
ing power, photoinduced hydrophilicity. non-toxicity, and
long-term photostability [5-8]. Titanium dioxide (titania
or Ti02) is generally considered as a noble photocatalyst
because of its many intrinsic properties, such as chemical
inertness, photostability, low cost, nontoxicity, and high
oxidative power. Therefore, improving the photocatalytic
ability and efficiency of Ti02 is critical in increasing the
availability of this photocatalyst and lowering its produc
tion cost without disrupting the global ecological balance
(8-101. To achieve high efficiency, Ti02 photocatalyst must
have a suitable architecture that minimizes electron loss at
nanostructural connections while maximizing photon
absorption (llj. Ti02 has been widely used in various
types of nanoscale architectures, including nanoparticles,
exfoliated nanosheets, nanoHbers, nanorods, and nano-
tubes, to enhance the active surface area for photocatalytic
reactions [12-151. However, these nanodimensional Ti02
remain unsuitable in environmental purification. The
inherent limitations of Ti02 include rapid recombination
losses of electron-hole pairs, fast bacltward reaction,
inefficient visible-light utilization, and wide band gap
energy [8-11,16-181. The Ti02 photocatalyst also exhibits
low degradation rates for many pollutants because of the
extremely low surface coverage of the photocatalyst par
ticles; it also has poor response to visible-light irradiation
as a result of its wide band gap (~3.2 eV) and exhibits
poor absorption of the solar spectrum (4-5%). Moreover,
the short charge-separation distances within the particle
as well as the rapid charge-recombination speed lead to a
low quantum yield [8-11,19,201.
Various techniques, such as the addition of electron
donors (hole scavengers), incorporation of carbonate salts,
noble-metal loading, metal-ion doping, anion doping, dye
sensitization, use of composite semiconductors, and
metal-ion implantation, are used to improve the photo-
efficiency of Ti02 photocatalysts [8,11,12,21-241. Of these
techniques, doping with transition metal ions, such as
cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), vana
dium (V), and tungsten (W), has shown promising results
in improving the photocatalytic performance of Ti02 in
environmental purification applications [281. In addition,
the incorporation of appropriate concentrations of metal
ions reportedly enhanced the photoreactivity of Ti02
under both ultraviolet (UV) and visible-light irradiation
[19-23,25-281. Majority of studies on incorporation of
metal ions into Ti02 photocatalyst used coprecipitation,
incipient wet impregnation method, and the sol-gel
method [23-26,28-311. However, the most frequently
used modification method for metal-ion incorporation
into the Ti02 lattice is the incipient wet impregnation
because of its simplicity and cost-effectiveness [32-341.
Choi and coworkers [351 reported that metal ion-doped
Ti02 exhibits enhanced photocatalytic activity. As the
metal ions are loaded into the TiOa lattice, an impurity
energy level is formed between the semiconductor band
gap energies [361. Modification of the electronic structure
of the energy level system then ensues. In this case, the
modification of Ti02 creates an interfacial potential gradi
ent with a corresponding energetic position within the
heterostructure system; this potential gradient facilitates
the transport and separation of charge carriers [37,381.
Furthermore, the photocatalytic efficiency of metal-ion
dopants depends on whether these dopants serve as
mediators of the interfacial charge transfer or as recombi
nation centers. In addition, the ability of a dopant to
function as an effective trap is related to its concentration,
its energy level with theTi02 lattice, its distribution within
the particles, and the electron donor concentration
[8,30,39]. The improved photocatalytic activity is clearly
related to the efficiencies of the doping centers in trapping
charge carriers and interceding in the interfacial transfer.
Trapping either an electron or a hole alone is insufficient
for photodegradation because the Immobilized charged
species rapidly recombines with its mobile counterpart.
Thus, metal ions can also serve as charge-trapping sites
and reduce the electron-hole recombination rate [40,41 [.
Generally, metal ion dopants can be dispersed via three
possible dispersion modes; substitutional sites, interstitial
positions, or separated surface oxides. The local structures
of the dopants can be deduced based on the ionic radii.
From previous reports, a number of metal-ion dopants,
such as Cr^^, and ions, are most likely sub
stituted into Ti"*"*" sites within Ti02 because of the simila
rities between the ionic radii of the dopants (Pt^"^,
0.765 A; Cr3+, 0.755 A; 0.78 A) and that of Ti''"^
(0.745 A). By contrast, metal-ion dopants, such as Co^"^,
Cu^"^, and Pt^^ ions, are most likely located in the
interstitial positions of the lattice rather than directly into
the Ti'*^ sites because of the large size difference between
the dopant ions (Co^"^, 0.89 A; Cu^^, 0.87 A; Pt^^, 0.94A)
and Ti'*"*'. However, Ag"*", Rb"*", and La^"^ ions are too
large to be incorporated into the Ti02 lattice and thus are
more likely to be found as dispersed metal oxides within
the crystal matrix or on the Ti02 surface [35,42]. Recently,
extensive studies have been conducted on the use of
various types of potential transition-metal ions to improve
photocatalyticefficiency. Ofthese metal-ion dopants, Cu^"^
ions are found to be the most suitable dopants for
incorporation into the Ti02 lattice because of their high
photocatalytic activity against volatile organic compounds.
This high activity promotes the removal of heavy metals,
particularly of Pb(ll) ions, and can lead to the formation of
more hydroxyl radicals during photocatalytic reactions.
The higher rate of Pb^"*" oxidation can significantlyreduce
the Pb(ll) ion concentrations in the solution. To the best
of our knowledge, detailed studies on the synthesis of
self-organized Cu^"*" ion-incorporated Ti02 nanotubesthrough
simple anodization and wet impregnation techniques to
achieve highly efficient Pb(Il) ion removal remain lacking.
In this study, a comprehensive experiment was conducted
to optimize the content of Cu^ dopants inTi02nanotubes
using a Cu-containing precursor solution to achieve effec
tive photocatalytic degradation of Pb(ll) ions.
2. Experimental procedure
ATi foil (0.13 mm thick, 99.6% purity, Strem Chemicals)
was used as a substrate for the formation of well-aligned
Ti02 nanotubes. Prior to the anodization process, the Ti foil
was cut into 1 cm x 4 cm pieces (0.26 g). The Ti02 nano
tubes were produced via electrochemical anodization of
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Fig. 1. FESEM images ofTi02 nanotubes dipped in different concentrations of Cu(N03)2 solutions, (a) 0.01 M, (b) 0.06 M. (c) 0.1 M, (d) 0.5 M, and (e) 2M
Insets (a), (b), (c). and (d) show the higher magnification oftlie surface morphological while (e) shows Che cross-sectional view ofnanotubular structure.
TEM image of (f) pure Ti02 nanotubes. and (g) TiOj nanotubes dipped in 0.01 MCiifNOiiz solutions (Inset mapping analysis of Cu distribution).
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the Ti foil in a bath with electrolytes composed of ethylene
glycol, 5 wt% ammonium fluoride (NH4F). and 1 vol% H2O
at 60 V for 1 h. Based on the preliminary study, smooth,
nanotubular structures with higher aspect ratios can be
synthesized by maintaining these optimized parameters
(51. ForCu^^ ion incorporation into the well-aligned Ti02
nanotubes, copper(n) nitrate trihydrate with the formula
Cu(N03)2 •3H2O (241.60 g/mol. Merck) was used as the
Cu^+ ion source. AIM solution of Cu(N03)2 •3H2O was
prepared by dissolving 120.8g of Cu(N03)2 in 500 mL of
deionized water. A set of experiments was conducted to
verify the effect of the Cu(N03)2 concentration on the
amount of Cu^"^ ions incorporated into the Ti02 nanotubes
(1 cm X4 cm). The samples were placed in a water bath at
the selected temperature for 1 h. A WNB 10 water bath,
which has a maximum water volume of 10 L and a power
supply of 1200 W. was used for the incipient wet impreg
nation. The water level was continuously monitored to
ensure the complete immersion of the sample in the
water, and a constant temperature was maintained
throughout the incipient wet impregnation process. The
Cu(N03)2 solution concentration varied from 0.01.0.06.0.1,
and 0.6 M; the resulting products were labeled as 0.01Cu-
Ti02. 0.06Cu-TiO2, 0.1Cu-TiO2. and 0.6Cu-Ti02. respec
tively. After the incipient wet impregnation, the samples
were annealed in an argon atmosphere using a Lenten
tube furnace for the heat treatment. The annealing process
was performed in two stages: the first was prior to wet
impregnation, and the second was after the incipient wet
impregnation. The first annealing stage ensured high
adhesion between the nanotubes and the Ti foil. Mean
while. post-annealing was performed to enhance the
diffusion of the Cu^+ ions into the Ti02 nanotubes. Both
annealing stages were conducted for 4h at 400 "C in an
argon atmosphere at a heating rate of 5 "C/min. The opti
mum initial concentration of Cu^"^ ions to be incorporated
into the TiCb nanotubes was determined and used in the
subsequent analyses.
A 1000 mg/L Pb(ll) stock solution was purchased from
Merck and was used to determine the heavy metal-
removal efficiencies of pure Ti02 and of the Cu-Ti02
nanotubes. To obtain 100 ppm of the Pb(ll) solution.
1000 ppm of the Pb(ll)stock solution was diluted 10 times
in ultrapure deionized water. The nanotube morphologies
were observed by field-emission scanning electron micro
scopy(FESEM) using a Zeiss SUPRA 35VP microscope at a
working distance of 1 mm. The elemental composition of
the Cu^^ dopants incorporated into the Ti02 nanotubes
was determined using an energy-dispersive X-ray (EDX)
spectrometer, which was connected to the FESEM. Photo-
luminescence (PL) spectra were recorded at room tem
perature using an LS 55 luminescence spectrometer
(Jobin-Yvon HR 800UV). X-ray diffraction was performed
to investigate the structure and determine the percentage
of the crystallinity of the anodized Ti foils and of the
annealed sample. Phase identification of Ti02 was per
formed using a Philip model PW 1729, which was operated
at 40 kVand 40 mV.Chemical states were characterized by
X-ray photoelectron spectroscopy (Omicron Nanotechnol-
ogy, ELS 5000) with an Al Ka X-ray radiation source at
base pressures below 5.5e~®Torr and a Cls correction of
284.6 eV. XPS calibration was conducted using an Au plate
with a dual X-ray source, an Al Ka (30 kV) anode, and a
hemispherical energy analyzer. Atomic absorption spectro
meter (AAS) was carried out with AAnalyst 700 to deter
mine the weight of the metal ions after the exposure to UV
light for five hours. The changes in the initial and final
concentration of the metal ions after the photocatalytic
activity assay were recorded.
3. Results and discussion
In this study, the effects of incorporating Cu^^ ions
with different concentrations [0.01. 0.06, 0.1. and 2 M
Cu(N03)2l intoTi02 nanotubes were investigated in detail.
Fig. 1 shows a representative FESEM image of the Ti02
nanotubes after immersion in Cu(N03)2 solutions with
different concentrations and subsequent heat treatment
at 400 "C for 4 h. No detectable difference was observed in
the morphologies of the samples dipped in 0.01-0.1 M of
Cu(N03)2 solutions. The resultant nanotubular structure
had an average pore diameter of 90 nm and a length of
approximately 12 pm. Interestingly, the thickness of the
nanotube walls slightly varied with the Cu(N03)2solution
concentration. The samples immersed in 0.01 and
0.06 M Cu(N03)2 obtained a wall thickness of approxi
mately20 nm [Fig. 1(a) and (b). respectively]. When the Cu
concentration was increased to 0.1 and 0.6 M. the nano
tube wall thickness further increased to 25 and 28 nm.
respectively [Fig. 1(c) and (d)]. This observation indicates
that largeramounts of Cu^"*" ions were depositedonto the
nanotubes in these concentrations. These results are con
sistent with those of the EDX analysis, which show an
increase in the Cu content of 0.80. 0.90.1.24. and 130 at%
for the samples immersed in 0.01. 0.06, 0.1. and 0.6 M
Cu(N03)2 solution, respectively (Table 1). Although the
concentration of Cu(N03)2 varied from 0.01 M to 0.6 M.
the amount of Cu element that was successfully deposited
on the one-dimensional nanotubular structure was limited.
Interestingly, when the Cu concentration was increased to
2M, Cu accumulation on the nanotubes resulted in the
formation of a densely packed layer that entirely covered
the nanotube openings [Fig. 1(e)]. This accumulation can
significantly reducethe activesurface area of the nanotubes
and lead to low photocatalytic degradation of heavy metals
or organic pollutants. Therefore, the sample immersed in
2 M Cu(N03)2 was not characterized in detail.
Subsequently, representative samples were selected for
the TEM analysis. The corresponding TEM images of the
pure Ti02 and selectedsample dipped in 0.01 MCu(N03)2
solution are presented in Fig. 1(0 and (g). respectively.
Table 1
Average elemental compositions (at%) of Cu-TiOz nanotubesat different
concentrations of CuCNOjIj solutions obtained by taking several spots in
EDXanalysis.
Concentration of CufNGjlz (M) Ti (at%) 0(at%) C (at%) Cu (at%)
0.01 39.18 54.29 5.73 0.80
0.06 34.99 58.37 5.74 0.90
0.1 36.61 58.43 3.72 1.24
0.6 34.61 57.32 6.77 1.30
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Fig. Z XRDpatterns of (a) pure TiOj and Cu-TiOz prepared in (b) 0.01 M, (c) 0.06 M, (d) 0.1 M. (e) 0.6 M CuCNOjlzsolutions followed by annealing at 400 'C
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Based on the Cu-mapping analysis, the Cu species were
uniformly distributed throughout the nanotube wall. This
observation suggests a good combination of Cu species
within the Ti02 crystals. Then, the crystalline structures
of the samples immersed in Cu(N03)2 solutions with
different concentrations were further analyzed by XRD.
As-anodized Ti02 samples are reportedly amorphous in
nature. Therefore, heat treatment at 400 X is necessary to
transform the amorphous phase of the Ti02 nanotubes
into the crystalline anatase phase [43.44]. Fig. 2 shows the
XRD patterns of the pure Ti02 as well as of the Cu-Ti02
nanotubes prepared in 0.01. 0.06. 0.1. and 0.6 M Cu(N03)2.
The crystal structures of pure Ti02 and of the Cu-TiOa
nanotubes mainly consisted of the anatase phase (JCPDS
21-1272). Observable anatase peaks were found at 25.37".
38.5". 48.21". and 54.10° and correspond to (101). (004),
(200). and (105). respectively. The transformation of the
amorphous phase into the highly crystalline anatase phase
was achieved after annealing at 400 "C. Interestingly, no
prominent peaks (Cu metal, CuO. or CU2O) were detected
after the incorporation of Cu dopants into the Ti02
nanotubes. This result may be attributed to the insufficient
sensitivity of the XRD measurements in detecting small
amounts of Cu dopants within the Ti02 nanotubes [45].
The inset in Fig. 2 shows the magnified XRD patterns for
the pureTi02 and for the 0.01-0.6 M Cu-Ti02 nanotubes in
the 20 range of 24.5-26". The shifting of the diffraction
peaks and the change in the full widths at half-maximum
for Cu-Ti02 the anatase phase may be ascribed to the
successful incorporation of the Cu^"*" dopants into the Ti02
lattice. This hypothesis was further confirmed by the
angles resolved in X-ray photoelectron spectroscopy
(ARXPS) and XPS. which are discussed in a subsequent
section.
PL emission spectroscopy has been widely used to
determine the charge-carrier trapping, migration, and
transfer in order to understand the state of the electron-
hole pairs in semiconductor photocatalysts because the
emissions are mainly due to the recombination of free
450 550 600 650
wavelength/nm
800
Fig. 3. PLspectra of TiOj and Cu-TIOz prepared in (a) 0.01 M, (b) 0.06 M.
(c) 0.1 M. (d) 0.6 M Cu(N03)2 solutions, and (e) pure-Ti02 nanotubes.
charge carriers [33,46]. For nanostructured materials, the
PL spectra are related to the transfer behavior of the
photoinduced electron and holes and can thus be utilized
to evaluate the recombination rate of charge carriers [47].
Fig. 3 shows the PL spectra of pure Ti02 as well as of the
Cu-Ti02 nanotubes prepared in 0.01. 0.06, 0.1, and 0.6 M
Cu(N03)2. The measurements were performed at room
temperature using the 400 nm to 800 nm wavelength
range. As shown in Fig. 3. the Ti02 and Cu-Ti02 nanotubes
both exhibited two observable PL signals with similar
curve shapes, which suggest that the amount of Cu
dopants was insufficient to generate new PL signals.
However the peaks for the Ti02 nanotubes were more
intense at 400 and 517 nm compared with those of Cu-
Ti02. The high-intensity peak indicates that the photoin
duced electrons and holes were considerably easier to
recombine with each other. This result is possibly due to
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the three types of physical origins in the anatase-based
Ti02 nanotubes: self-trapped excitons. oxygen vacancies,
and presence of surface states [48,49). Most of the surface
states are attributed to oxygen vacancies or to the Ti^^
adjacent to the oxygen vacancies [46,47]. In 1993, Tang
et al. [49] reported that the PL bands of single-crystal
anatase Ti02 is closely related to self-trapped excitations
localized on the TiOe octahedral. Therefore, the peak
position at 400 nm (3.1 eV)observed in the current study
may be due to the radioactive recombination of self-
trapped excitons localized on the TiOe octahedron
[49,50]. Meanwhile, the PL emissions above 415 nm
(below 3.0 eV) may be attributed to the presence of
oxygen vacancies within the Ti02 lattice [51 ].The presence
of oxygenvacancies and carbon elements (from pyrogena-
tion during anodization) within the Ti02 nanotube lattice
is vital in the separation of photoinduced charge carriers.
In this case, organic ethylene glycol was oxidized into a
carbonate-type species during anodization; this species
was then absorbed on the nanotube walls, further reduced
into carbon species during annealing, and then diffused
into the Ti02 lattice [21]. This process explains the detec
tion of carbon species within the Ti02 nanotubes. Zhao and
coworkers [51] reported that carbon species-doping into
Ti02 nanotubes promotes the formation of oxygen vacan
cies. This result is consistent with those of the EDX,which
shows a high-intensity PL peak for the pure Ti02 nano
tubes with a C content of 4.25 at% as well as a low-
intensity PL peak for the 0.01 M Cu-Ti02 nanotubes with
a C content of 6.64 at% (data not shown). Therefore, the
high carbon content in the 0.01 M Cu-Ti02 nanotubes
favored the formation of oxygen vacancies. The photo-
induced electrons were readily trapped by these oxygen
vacancies, whereas the holes were trapped by the carbon
species. These phenomena eventually reduced the PL
intensity for the 0.01 M Cu-Ti02 nanotubes compared
with that of the pure Ti02 nanotubes. Hence, the presence
of carbon species promotes the separation and limits the
recombination losses of the photoinduced charge carriers.
Interestingly, the exciton states of the PL intensities of
these samples varied in the following order: Ti02, 0.6 M
Cu-Ti02> 0.1 M Cu-Ti02> 0.06 M Cu-Ti02 > 0.01 M Cu-
Ti02. The significantquenching of the PL intensity suggests
that an appropriate amount of Cu^^ ions was loaded into
the Ti02 lattice and led to a considerably improved
separation of the photoinduced electrons and holes.
This observation may be ascribed to the creation of a
heterojunction within the Ti02 lattice, which eventually
led to significantly reduced PL emissions. The conduction
and valence bands correspond to the reduced and oxidized
states, respectively, of the semiconductor. The conduction
band electron corresponds tothe reduced form ofTi^"*" or
Cu^"^ (i.e., Ti^"^ or Cu"^), whereas the valence band hole
represents the oxidized form of 0^~ (i.e., 0~). The band
gap excitation was due to the photoexcitation of an
electron from 0^~ toTi'*"'" or Cu^ *", whereas the electron
transfer from Tp+ or Cu+ to 0" is responsible for the
electron-hole recombination. The improved separation of
the photogenerated electron-hole pairs within the lattice
of the 0.01Cu-Ti02 nanotubes was caused by the lower
cathodic nature of the CuO conduction band (Ecb=
—4.96eV) compared with that of Ti02 (Ecb=—4.21 eV).
Hence, the photogenerated electron in the Ti02 conduction
band could have slipped into the CuO conduction band,
and the Cu'+ ions could have accepted electrons to form
Ti^"*". In a similar manner, the valence band of Ti02 was
more anodic (Evb=—7.41 eV) than that of CuO (Evb=
-6.66 eV). This condition may have led to the hole
transfer from the valence band of Ti02 to that of CuO.
Given that the doping sites can also serve as recombina
tion centers at high dopant concentrations, the optimum
Cu dopant concentration should be incorporated into the
Ti02 nanotubes to minimize the recombination losses.
In this study, 0.8 at% of Cu (0.01 M Cu-Ti02 sample) is
the optimum Cu dopant concentration at which the Ti02
photocatalytic activity is significantly improved. Beyond
0.8 at% Cu (0.06, 0.1, and 0.6 M Cu-Ti02 samples), the PL
peak intensities increased, which indicates that the degree
of separation was reduced and that the recombination of
electrons and holes was promoted. Intensity of PLrelated
to recombination of charge carriers, low intensity mean
less recombination losses and less surface defects. The Cu
ions serve as electron acceptors. Thus, the optimum Cu
showed low PLintensity. If there were too less Cu ions, the
results were insignificant. The minimum Cu content to
optimize the performance of Ti02 nanotubes in removing
heavy metal is 0.01 M.Thus the Pb(II) ion removal ability
of the photocatalyst was investigated using the 0.01 M
Cu-Ti02 nanotubes.
Fig. 4 shows the ARXPS depth profiling spectrum for
the Cu species of the 0.01 M Cu-Ti02 nanotubes. The
analysis was performed for 2 h at take-off angles between
0" and 50" under ultrahigh vacuum conditions. The take
off angle of the emitted photoelectron with respect to the
normal was measured at the sample surface and toward
the direction of the detector. The penetration depth at the
0" take-offangle was approximately 10nm. At O"" take-off
angle, the high-intensity signal of the Cu species was
detected. This signal gradually decreased until it became
undetectable at the 50^ take-off angle. This result indicates
that the Cu^"*" ions were successfully loaded into the
Ti02 lattice and did not accumulate on the Ti02 nanotube
surface. As previously stated, the dopants can be
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Fig.4. Depth profiling viaXPS analysis forconfirmation of dopants
were incorporated incoTi02 nanotubes(0.01 MofCufNOjli solutions), (a)
0 (b) 15 (c) 30 - (d) 45 -and (e) 50 .
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Fig. 6, XPS spectrum of Ti 2p spectra for (a) TiOz nanotubes and (b)
0.01 M CU-T1O2nanotubes.
distributed via three possible dispersion modes: substitu-
tional sites, interstitial positions, or surface oxides. Gen
erally, the local structure of dopant ions can be deduced
from the ionic radii. The ionic radii of the metal ions were
close to that ofTi'*-^ (0.74A); therefore, the entry of these
ions into theTi02 lattice and their substitution oftheTi^"*"
sites are likely high. By contrast, metal-ion dopants, such
as Cu2+ ions (0.87 A), are most likely located in the
interstitial positions of the lattice rather than being in
the Ti'*"'' sites directly because of the relatively large size
difference between the dopant ions and Ti'*'*". However,
metal ions that are too large (> 1.29 A) are more likely
dispersed as metal oxides within the crystal matrixor on
the Ti02 surface (41 ].Therefore, the Cu ionsare most likely
to be located in the interstitial sites of the Ti02 lattice in
this study.
XPS was performed to analyze the surface chemical
compositions as well as the electronic statesof pureTi02
and of the Cu-Ti02 prepared in 0.01 M Cu(N03)2. Fig. 5
shows the XPS spectra of Ti02 and of the Cu-Ti02
nanotubes prepared by wet impregnation. The results are
consistent with those of the EDX in that, apart from Ti, C,
and O, no other element was detected in the Ti02 sample,
whereas an additional Cu peak was detected in 0.01 M
Cu-Ti02. The high-resolution Ti 2p, Cu 2p, 0 1s, and C Is
spectra are shown in Figs. 6-9. As shown in Fig. 6, two
strong peaks at457.8 and 463.7 eV were found for theTi02
samples and are assigned to Ti 2p3/2 and Ti 2pi/2,
Cu2p
Cu2p3/2
Cu2pK Cu inC^yQ A cumcu,o
[b)0.01M /2^^CuinCvuP
(alTiOiNTs
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Fig. 7. XPS spectmm ofCu 2pspectra for(a)pureTi02 nanotubes and(b)
0.01 M Cu-'n02 nanotubes.
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Fig. 8. XPS spectrum of CIs spectrafor(a) pureTi02 nanotubes and (b)
0.01 M Cu-Ti02 nanotubes.
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fig. 9. XPS spectrum of01s spectrum of(a)pureTi02 nanotubes and(b)
0.01 M Cu-Ti02 nanotubes.
respectively (52). Compared with the binding energy of
Ti"*"^ in the pure-anatase Ti02(458.2 and 464.1 eV), a shift
of 0.4 eV was observed for the Ti02 nanotube prepared by
anodization. This result may be attributed to the incor
poration of carbon, which originated from the
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pyrogenation of ethylene glycol (the anodization electro
lyte) during the annealing process, into the TiOj nano-
tubes. The shift suggests that a Ti^ species was formed in
the TiOi nanotubes (42). The deconvolution of Ti 2pi/2 at
the binding energy of 462.2 eV indicates the presence of
trace amounts of Ti^"^. Therefore, Ti existed in multiple
oxidation states in the TiOj sample.
Doping with Cu clearly reduced the intensity and
changed the position of the Ti 2p peaks. The Ti 2p3/2 and
Ti 2pi/2 binding energies for 0.01 M Cu-Ti02 increased to
459.5 and 465.5 eV. respectively. The decrease in the
intensity and the positive shift to a higher binding energy
were associated with the presence of Cu in the Ti02 lattice.
The positive shift was due to the lower Fermi level of the
Cu species (CU2O/ CuO) compared with that of Ti02. This
lower Fermi level allowed the electron transfer from Ti02
to CU2O and CuO. As a result, the outer electron-cloud
densities ofTi and Cu changed, and the binding energy
shifted (36,52]. ATi'"^ species with characteristics (inten
sity and broadness) similar to those of theTi02 sample was
also detected in Cu-Ti02. This finding indicates that the
incorporation of Cu species did not change the oxidation
state of Ti. and Ti remained as Ti**"*^ and Ti'"^ for Ti02 and
Cu-TiOi.
The Cu 2p XPS spectra for pure Ti02 and Cu-Ti02 are
shown in Fig. 7. No Cu peak was observed for pure Ti02. a
result which is consistent with that of the EDX analysis.
Tlie XPS spectrum of Cu-Ti02 indicates the appearance of
two components after the deconvolution of Cu 2p3/2 and
Cu 2p,,2- These two components correspond to two Cu
species with different oxidation states in Cu-Ti02. The
presence of CuO was confirmed by the Cu 2p3/2 and Cu
2p,/2 binding energies at 933.6 and 953.3 eV. respectively.
Apart from the predominant CuO peak, a minor species of
Cu. which exhibited binding energies of Cu 2p3/2 and Cu
2pi,2 at 932.4 and 952.2eV. respectively, was found. This
peak is assigned to the reduced copper species, CU2O [53].
These results indicate that Cu^ is the dominant Cu
species in the Ti02 sample prepared via the wet impreg
nation method. Annealing after wet impregnation resulted
in the formation of CuO. which could have been reduced
to CU2O during the XPS analysis, as demonstrated by
Chusuien |54j.
The C Is spectra for Ti02 and Cu-Ti02 (Fig. 8) are
similar and show three peaks. For the Ti02 sample, the
strong peak at 284.9 eV is clearly due to the adventitious
elemental carbon (C-H). Another peak at 286.5 eV can be
ascribed to the Ti-C-0 bonds of the carbonate species,
which was formed when C atoms were incorporated into
the interstitial sites of the TiOz lattice during pyrogenation
of the organic compound [55,56]. Meanwhile, the weak
peak at 289.1 eV indicates that a small amount of carbo
nate species (C=0) was present on the surface [51 j.The
lack of any peak at 281 eV indicates the absence of Ti-C
bonds for the Ti02 and Cu-Ti02. This result suggests that
carbon did not substitute for oxygen atoms in the Ti02
lattice, probably because of the formation of 0-Ti-C
[49,57]. This finding is consistent with the XRD results,
which also do not indicate Ti-C bond formation. Thus,
carbon species were present in the interstitial sites of the
TiO: lattice.
The 01s spectra of Ti02 and Cu-Ti02 are shown in
Fig. 9. The prominent sharp peak at 529.2 eV is associated
with the oxygen of Ti02 and CuO. In addition, a broad
shoulder at a higher binding energy region is evident for
both samples. The two components at the shoulder after
the deconvolution are attributed to the C-0 or C=0 bonds
of the carbonate species and to the surface hydroxides
located at 530.7 and 531.9 eV, respectively. The Cu-Ti02
sample possessed a higher number of surface hydroxides;
this condition enhances the photocatalytic activity for
heavy metal removal.
The photocatalytic removal ability of the selected
sample (0.01 M Cu-Ti02 nanotubes) was compared with
that of the pure Ti02 nanotubes by exposing the samples
to Pb(ll) ions under UV light illumination. The initial Pb(n)
concentration in the solution was fixed at 100 ppm, and
the pH of the solution was varied (5 and 11). The changes
in Che Pb(ll) concentration at pH 5 and 11 were investi
gated in terms of the removal percentage (Fig. 10).The Pb
(11) ion removal rates for Cu-Ti02 nanotubes at pH 5 and 11
increased by 26.2% and 46.1%, respectively, compared with
those of the pure Ti02 nanotubes under UV illumination.
The EDX results show that the Pb contents at the pureTiOz
surface at pH 5 and 11 are 0.10 and 0.14 at% (Fig. 11).
whereas those for Cu-TiOz are 0.51 and 1.8 at%, respec
tively (Fig. 12). Both results show that the photocatalytic
removal of Pb(ll) ions by the Cu-Ti02 nanotubes i§ more
efficient than that of the pureTiOz nanotubes. Moreover, a
higher Pb(Il) removal performance was observed under
the alkaline-based solution.
In this section, the possible photocatalytic mechanisms
underlying Pb(ll) ion removal by the heterostructural
Cu-TiOz nanotubes are discussed. Upon UV illumination,
photoinduced electrons were ejected from the valence
band to the conduction band of TiOz and left positive
holes in the valence band [TiOz+hv-^h^+e^l- These
ejected electrons were then trapped by the Cu ions that
were incorporated into the TiOz lattice and eventually
reduced the recombination losses. Tliis phenomenon was
proven by the previously presented PL data,whichdemon
strate that 0.01 M Cu-TiOz exhibited the lowest recombi-
J0.1
29.7||||||||
I
PureTiOs
IpH 5)
55.3
Jl
PureTiOi Cu-TlOi
{pH11) ( pH11)
' Dsrft reeion
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Fig. 10. Percentage {%) of Pb{ll) ions removal conducted under dark
regionand UV illumination at pH 5 and pH 11 with initial concentration
of 100 ppm of Pb(ll) solution for 5 h.
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>60 ppm-Lack of active site
for Pb(ll) attachment
The initial PbO/Pb(OH)2 layer
formed further retard the OH-
and O^'penetration and hinder
the Pb attachment for further
removal
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Fig. 13. Schematic diagram illustrating the formation ofPbO/PbOH layer on Cu-HOj nanotubes for retarding the photocatalytic reaction 162).
nanotubes and thus effectively mitigated the PbfU) ion
concentration.
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Cu^* ions were successfully loaded intoTiO, nanotubes using wet impregnation technique in 0.6M Cu(N03)2-3H20 solution.
Theeffect of reaction temperatures on the nanotubes morphology, crystal .structure, and their photocatalytic reduction of Pb(IT)
ions were investigated. The high reaction temperature could improve the crystallinity of anatase phase. However, irregular and
corrugated nanotubular surface coveredwith Cu precipitates was observed. In the present study, incorporation of an optimum
contentofCuelement (1.3 at%)into TiOj nanotubesat room temperaturehasan important function in enhancing the photocatalytic
reduction of Pb(ll) ions in alkaline condition (pH 11) due to the higher synergistic effects of photocatalytic reaction under UV
illumination. The optimum concentration of Pb(II) ions for effective Pbfll) ions removal performance wasfound in between 20
and 60 ppm.
1. Introduction
Nowadays, toxic heavy metals are the major contaminants
of electronic waste. It is a well-known fact that those heavy
metals are elements having high atomic weights between 63.5
and 200.6 and a specific gravity greater than 5.0 [IJ. Heavy
metal contaminations in the aquatic environment including
arsenic (As), cadmium (Cd), lead (Pb), chromium (Cr),
copper(Cu),nickel (Ni), zinc(Zn),andmercury(Hg) posean
ecotoxicological effect to living creatures [2-4].Some ofthese
heavy metalcontaminations comefrom fertilizer andsewage,
but the biggest source is the effluent industrial discharged
from various industries such as electronic industry, mining,
electroplating, and battery manufacturing [5]. Since heavy
metal contaminations cause serious health effect, wastewater
regulations were established to minimize human and envi
ronmental exposure to hazardous chemical. The summary
of various heavy metals and their permitted concentration is
shown in Table 1.
Among various heavy metal contaminations shown in
Table1, Pb is our special concern due to persistency and
recalcitrant of Pb in the environment. According to World
Environmental Protection (WEP), Pb accounts for 98% ofthe
total disposal or other releases of persistent, bioaccumulative,
and toxic (PBT) chemicals. In addition, US Environmental
Protection Agency (EPA) has reported that the disposal or
other releases of PBT chemicals increased by 50%, mainly
due to increases in Pb and Pb compounds [6], The total
disposal or other releases of Pb and Pb compounds were
increased about 51% in 2010. Thus, Pb contaminants need
urgent attention in order to save the environment and to
overcome the adverse health risk of mankind \7, BJ.
In this manner, various remediation methods such as
precipitation-filtration, ion-exchange, reverse osmosis, oxi
dation reduction, electrochemical recovery, and membrane
separation are commonly used to treat those heavy metal
contaminations [5,8, 9]. However, among all of the available
methods, photocatalytic emerged as a promising advance
Tabi.f, 1:The maximum contaminant level (MCT.) standard for the
most hazardous heavy metal [4].
Heavy metal Toxicities MCL (ppm)
As
Skin manifestations, visceral 0.050
cancers, vascular disease
Cd Kidney damage, renal disorder, 0.01human carcinogen
Cr
Headache, diarrhea, nausea,
vomiting, carcinogenic
0.05
Cu
Liverdamage, Wilson disease. 0.25
insomnia
Ni
Dermatitis nausea, chronic asthma. 0.20
coughing, human carcinogen
Zn
Depression, lethargy, neurological 0.80
signs, and increasedthirst
Damage the fetal brain,diseases of
0.005Pb kidney, circulatory system, and
nervous system
Rheumatoid arthritis and diseases
Hg ofkidneys, circulatoryand nervous
system.
0.00003
technique because it is able to destroyand transform variety
of pollutants by oxidative or reductive mechanism and
converting them into nontoxic wastes [10-12]. Removal
of lead from solutions by photocatalysis using irradiated
platinized Ti02 was carried out by Kabra et al. Lead was
foimd reduced to PbO on the platinum islands and also
oxidized to PbOj by a valence band process as well as
by oxygen radical species. Thus, the advance photocatalytic
reduction technique wasbelieved to be capable of removing
heavy metal contaminants to lowconcentration of less than
20ppm [8]. In thiscase, titanium dioxide (Ti02) is regarded
as one of the most efficient and environmentally benign
photocatalysts for reducing the heavy metal contaminants
[13-16]. However, it still exhibit several intrinsic drawbacks,
which limit itswidespread technological applications [13,17,
18]. Titaniumdioxide photocatalysis has been demonstrated
to bea promising methodfor the pollutant treatmentmainly
due to its capability of removing metal ions and complete
mineralization or at least partly destroying a variety of
organic pollutants.
Basically, Ti02 is widely used in many applications such
as water purification, to remove volatile organic compound,
water electrolysis, painting, and many more. The major
advantages ofthisTi02 photocatalysis areas follows.
(i) Photocatalysis offers a goodsubstitute forthe energy-
intensive conventional treatment methods with the
capacity for using renewable andpollution-free solar
energy.
(ii) Unlikeconventional treatment measureswhichtrans
fer pollutants from one medium to another, photo-
cat^ysis leads to the formation of innocuous prod
ucts.
(iii) This process can be used to destroy a variety of haz
ardous compounds in different wastewaterstreams.
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(iv) It can be applied to aqueous and gaseous-phase treat
ments, as well as solid-soil phase treatments to some
extent.
However, the use of pure Ti02 has several drawbacks,
such as poor visiblelight absorption and high recombination
losses of the photo-induced electron-hole pairs [13, 17-20].
Manystudies havehighlightedthat the couplingmechanism
between theCu^^ ions andTiOjcould facilitate better charge
carrier separation in improving the photocatalytic perfor
mance [21-23]. However, most of these studies involved
incorporation of Cu^^ ions into Ti02 photocatalysts in
the form of particles/spheres or thin films, which do not
possess high enough surface area for photon absorption
[24, 25]. Moreover, most scholars mainly focused on the
photo degradation of organic pollutants rather than the
inorganic pollutants. Thedetail studies regarding Pb(II) ions
removal at low concentration using photocatalytic activity
are still lacking. Thus, a comprehensive studyis essential to
be explored by optimizing the reaction temperature of wet
impregnation to obtain the preferred Cu-Ti02 nanotubes,
resulting in the best performance of Pb(II) removal. Detail
studies regarding the synergistic relationship of Cu^^ ions
incorporated into TiOj nanotubes and its application on
Pb(II) ions removal have been established in this work.
2. Experimental Procedure
High purity of titanium (Ti) foils (99.6% purity, STREM
Chemicals) with thickness of 0.127 mm was used in the
present study. The Ti foils (50 mm x 10 mm)were degreased
by using sonication in ethanol for 30min prior to electro
chemical anodization process. Then, the Ti foil was placed
in 100 mL ethylene glycol electrolyte (99% purity, Merck)
composed of 5wt % ammonium fluoride (NH4F) (98%
purity, Merck) and lvol% of hydrogen peroxide (H2O2)
(30% H2O2 and 70% H2O; J.T. Baker) at 60V for Ih.
The electrolyte composition was fixed because it favors the
formation of highly ordered Ti02 nanotubes [26, 27]. Two
electrodes configuration bath with Ti foil as anode and
a platinum rod as cathode was prepared to conduct the
electrochemical anodization. The as-anodized Ti foil was
washed using distilled water and then dried in a nitrogen
stream for 15min. Next, the as-anodized Ti foil was annealed
at 400°Cin an argon atmosphere for 4 h. In the presentstudy,
the incorporation of copper (Cu^^) ions was conducted by
immersing the annealed Ti foil in an optimized 0.6M cop-
per(II) nitrate trihydrate [Cu(N03)2-3H20] solution (Merck)
for 1h at different reaction temperatures (room temperature,
27'C, 60°C, and 80°C). Subsequently, the resultant sample
conducted heat treatment process at 400°C for 4h under
argon gas atmosphere. The main purpose of heat treatment
process was obtained high crystalline phases of Cu-Ti02.
The removal rate of Pb(II) ions (Merck at 1000 mg/L of
concentration) was determined by using Atomic Absorption
Spectrometer (AAS) AAnalyst 700. The measurement of
Pb(II) ions absorption was measured after exposing to the
UV light (120 W germicidal light) for 5 hours. The changes
of the initial and final concentration after photocatalytic
Internalional Journal of Photoenergy
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Figure 1: FESEM morphologyofCu-TiO, nanotubcs prepared at (a) room temperature, (b) 60X. and (c) SOX in an optimiae 0.6 Mcopper(II)
nitrate trihydrate [Cu(N0j)2-3H20] solution for 1h.
activity were observed and measured. The morphologies of
the nanotubes were observed by field emission scanning
electron microscopy (FESEM) using aZeiss SUPRA 35VP a^t
a working distance of 1mm. The element analysis of Cu
ions incorporated into Ti02 was determined with Energy
Dispersive X-ray (EDX) which is equipped in the FESEM. X-
ray diffraction (XRD) was used to attain information about
the structure and percentage of crystallinity of the anodized
Ti foils and also sample that undergone annealing process.
The phase identification of TiOj was done by using Philip
model PW 1729, which was operated at40 kV and 40 mV.
3. Results and Discussions
In this part of the experimental study, the effect of reac
tion temperatures on the ions loaded on pristine
TiOj nanotubes is discussed. It is a well-known fact that
reaction temperatures during the wet impregnation have
profound effect on various chemical processes. Tlie reac
tion temperature affects the adsorption rate by altering the
molecular interactions and the solubility of the adsorbate
[28]. Figures 1(a) to 1(c) show the morpholo^ of Cu-TiOj
nanotubes prepared at room temperature, fiO'C, and 80°C,
(deg)
FiGURii 2: XRU patterns for poslannealed Cu-TiO^ nanotubes
prepared at (a) room temperature, (b) eO'C, and (c) 80 C in
an optimize 0.6 Mcopper(ll) nitrate trihydrate |Cu(N03)2-3H2O]
solution forlh.
respectively. As shown in the FESEM images, the pore
opening of TiOj nanotubes synthesized at 60°C showed
the almost similar appearance to the sample synthesized at
100 \ 96.6 96.4 97.9 98
24H 24.5
10 20 60 100
(ppm)
• pH 5-darkregion
• pH 5-UVregion
Figure 3; Percentage (%) ofPb(II) removal by Cu-TiO, nanotubes
atpH 5with different concentration of Pb(II).
100 96,8 91,3 9^8
2&m 28
3ll 3l| 3l_^
10 20 60 100
(ppm)
• pH ll-darkregion
• pH II-UV region
Figure 4: Percentage (%) of Pb(II) removal by Cu-TiOj nanotubes
at pH 11 with different concentration of Pb(II).
room temperature. The average diameter ofthe open pores
is about 80 nm. Interestingly, it could be observed that an
irregular and corrugated nanotubular surface covered with
Cu precipitates after synthesizing at reaction temperature at
see. Some of the nanotubular pore entrances was completely
blocked with Cu precipitates. The reason might be attributed
to the capability of ions to diffuse into the lattice ofTiO;
nanotubes was drastically accelerated and when it exceeds
its saturation limits, the ions started to precipitate on
the nanotubes surface. The incorporation of Cu ions on
pristine TiOj nanotubes was further demonstrated by the
EDX analysis, which exhibited the presence of Cu element of
about1.30 at %for the sample preparedat roomtemperature.
In addition, other elements such as Ti, C, and Owere tiaced
in the EDX spectrum. At% of the Cu element within the
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sample prepared at 60°C and 80"C was increased to 2.0 at%
and2.9 at%. respectively (not shown). Based on the results
obtained, it could be deduced that as the reaction temperature
wasincreased, at% of Cu element loadedin TiOj nanotubes
was increased significantly. By incorporating Cu into titania
matrix, new active sites will be introduced and enhance
visible light absorption capacity. Both Cu^"^ and Cu"^ can
act as effective electron scavenger which resulted in better
separation between electron and hole and more free holes
are available for oxidation process. Cu^ can act as electron
trapper since its reduction potential is more positive than
the conduction band ofband edge ofTi02- The trapping of
electrons by Cu^"" and the trapping ofholes by its reduced
form were proposed to explain the decrease ofthe electron
hole recombination rate and a higher production of HO'
radicals [29]. In the present study, the influence of reaction
temperature on the crystal structure of Cu-Ti02 nanotubes
was investigated via XRD measurement. Hie resultant XRD
patterns ofTi02 nanotubes prepared at different temperature
after photocatalysis are shown in Figure 2. As demonstrated
in the XRD patterns, peaks of anatase phase TiOj were at 20
of 25.37', 38.67°, 48.21°, and 54.10°, which corresponded to(101), (112), (200). and (105) crystal planes, respectively [301.
However, no obvious Cu phases could be detected from the
XRD patterns although the percentage of Cu has exceeded
2 at%. This result manifested that Cu dopants existed in
amorphous form. Besides, it could be noticed that the
intensity ofthe (101) peak at25.3° was increased by increasing
thereaction temperature environment, indicating anincrease
in crystallinity of anatase phase for Cu-Ti02 nanotubes.
The possible improvement in the crystallization anatase
structure at 60°C and 80°C could be explained with solid-
state mechanism [10, 111. The adsorption of OH ions from
water molecule on thesurface ofnanotubes was accelerated
at high temperature. The adsorbed-OH ions subsequently
reacted with the titanium (Ti^"") ions in amorphous TiOj
nanotubes. Ti^"" was obtained during irradiation whereby, the
electrons are captured by titanium ions (Ti"^"^ +e"), leading
to the formation ofparamagnetic Ti^^ ions [31]. This forms
bridges between surface OH groups of different octahedral
of TiOg within the lattice that shared common vertex. The
dehydration consequently occurred and the structure of two
octahedral sharing with one edge was formed in order to
form anatase phase. Based on the aforementioned results,
increasing the reaction temperatures benefits the crystalliza
tion of nanotubes but never benefits the incorporation of
dopants evenly to the nanotubes. Thus, the Cu-TiO,
nanotubes prepared at room temperature were duplicated for
the photocatalytic oxidation of Pb(ll) ions study [32, 331.
pH at acidic and alkaline condition was selected and
evaluated. The performance ofPb(II) ions removal using Cu-
TiO; nanotubes at pH 5and pH 11 was further investigated.
Results also showed that the rates of the photocatalytic
reduction of lead increased with pH. This effect was due
to both reduction process and hydroxide precipitation. The
initial concentration of Pb{II) solution was varied from
2ppm, 4ppm, 10 ppm, 20 ppm, 60 ppm, and 100 ppm. It is
noteworthy to mention that the removal of Pb(II) ions is
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>60 ppm-lack of active site
for Pb(Il) attachment
The initial PbO/Pb(OH)2 layer
formed further retards the OH"
and O^" penetration and hinders
the Pb attachment for further
removal
<20 ppm-more active site
available for Pb(II) attachment
for PbO formation.
Figure5: Schematic diagram illustrating thattheformation ofPbO/PbOH layer onTiOj retards thephotocatalytic reaction for more PbCII)
removal.
The active sites arc saturated with
PbO and therefore reduce
the uptake of Pb for further ,.
formation of PbO I
]
J
I
MorePb and moreactivesites [
for PbO formation
60 100
Figure 6; Atomic percentage (at%) of Pb on TiO, nanotubes at
different concentration of Pb(II).
highwithUVillumination as compared to darkenvironment
regardless to pH 5 (Figure 3) or pH 11 (Figure 4). This
clearly indicates that resultant Cu-TiOj nanotubes as active
photocatalyst could be regarded as an applicable process for
Pb(Il) ions treatment. However, it was found that the Pb(TI)
ions removal in dark environment was greater at pH 11 as
compared topH5.It is relevant to notethatat pHvalue above
6, direct reaction within the OH" in base condition with free
Pb(n) ions would be enhanced. As a result, Pb hydroxide
complexes such as Pb(OH)\ Pb(0H)2, and Pb(0H)3 could
also be formed, which then precipitate from solution. This
would reduce the remnant Pb(II) in the solution of pH 11
to greater extent as compared to pH 5. The similar trend
could be observed when UV illumination was applied in the
Pb(II) ions treatment. The Pb(II) ions removal was much
better for pH 11 as compared to pH 5. So the synergistic
effects ofphotocatalyticreactionunder UVilluminationwith
formation of precipitates at pH 11 would reduce the total
remnant Pb(II) ions in the solution to greater extent than
pH 5 (which only subjected to photocatalytic reaction) [34].
ihis explains the results obtained at 100 ppm, whereby the
percentage of removal of Pb at pH II is 79.5%, while at pH
5 was 56.3%. Other than that, the removal of Pb(n) ions
under UV illumination was found high up to 20ppm and
slowly reduced after 60 ppm. Tliis could be due to active
surface of phorocatalyst available on the surface of the Ti02
nanotubes to attract Pb(II) ions for photocatalytic reaction
is sufficient to remove 20 ppm of Pb(II) ions. However, at
60ppm the removal of Pb(II) ions dropped to 80.5 and
at 100 ppm to 56.3%. The reason might be attributed to
the lack of active surface for Pb(II) ions attachment for
photocatalytic reaction athigh concentration and thickinitial
layer of PbO after photocatalytic reaction that hindered
further diffusion of OH" and O^" ions for reduction of
Pb(II). This is schematically illustrated in Figure 5 and was
further affirmed with EDX analysis plotted in Figure 6. The
results demonstrated that Pb content at the surface of the
nanotubes was changing abruptly within 20 ppm to 60 ppm
and then slowed down after 60 ppm onwards. This explains
the resultsobtained at100ppm, which showedlowpercentage
of Pb(II) ions removal. So the optimum concentration of
Pb(Il) that is suitable for photocatalytic reaction would be
within 20-60 ppm. Additionally, these Cu-Ti02 nanotubes
can be reused and need further investigation.
4. Conclusion
In summary, Cu-Ti02 nanotubes were successfullyprepared
using electrochemical anodization and wet impregnation
techniques. The reaction temperature environment during
wet impregnation played an important role in the mor
phological control and content of Cu"^ dopants diffused
into the TiOj nanotubes. It was found that at% of Cu"^
ions loaded into TiOj nanotubes was increased significantly
with increasing reaction temperatures. An irregular and
corrugated nanotubular surface covered with Cu precipitates
was observed under high reaction temperature of 80 C.
In the present study, Cu-TiOj nanotubes were prepared at
room temperature for the photocatalytic oxidation ofPb(II)
ions removal. It was noticed that the Pb(II) ions removal
performance was greater atpH 11 as compared to pH 5under
UVillumination and assisted by Cu-TiOz nanotubes due to
the more direct reactions within the OH" in base condition
with free Pb(II) ions. Inaddition, ourresults show that thePb
contentat thesurface ofthe nanotubeswaschanging abruptly
within 20 ppm to 60 ppm and then slowed down after 60 ppm
onwards. Thus, the optimum concentration ofPb(II) ions for
effective Pb(II) ionsremoval performance was20-60ppm.
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TiOi nanotubes were synthesized via electrochemical anodization ofTi foil at 60 Vfor 1hin abath
with electrolytes composed ofethylene glycol containing 5wt %ofNH4F and 1vol% ofH2O2. The
incorporation of optimum Cu'^ ions (1.30 at%) into Ti02 nanotubes were prepared by using wet
impregnation method to improve their photocatalytic methyl orange degradation and Pb(Il) heavy
metal removal The small Cu^"^ ions were successfully diffused into lattice of Ti02 nanotubes by
conducting post annealing treatment at 400 'C for 4 hours in argon atmosphere after wet
impregnation. In this manner, optimum Cu^"^ ions played a crucial role msuppressing the
recombination of charge carriers by forming inter-band states (mismatch of the band energies)
within the lattice of Cu-Ti02. The experimental results showed that a maximum of 80% methyl
orange removal and 97.3% Pb(II) heavy metal removal at pH 11 under UV irradiation for 5hours.
Besides, it was noticed that photocatalytic Pb(Il) heavy metal removal was strong dependence on
pH ofthe solution because of the amphoteric character ofCu-TiOz in an aqueous medium.
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1.0 Introduction
Today, the industrial pollution levels have been steadily rising due to rapid development and
industrialization all over the world. The pollution problem of industrial wastewater became more
and more serious in the entire world [1-2]. Thus, the treatment of polluted industrial wastewater
remains a topic of global concern. In this manner, wastewater containing heavy metals are
considered to be hazardous to both human life and the environment due to their acute toxicity and
non-biodegradability, even when heavy metals are present in trace concentration [2-3]. In this case,
lead (Pb) appeared as oneof the most toxic heavy metal, also being mutagenic to aquatic organisms
and humans [4]. Therefore, the discharge limit permitted by Environmental Protection Agency
(EPA) is 0.005 mg/L from both natural and anthropogenic resources, which is harmful to human
and living things [5]. It is a well-known fact that long-term drinking water containing high level of
lead will cause serious disorders such as nerve disorder, anemia, kidney diseases and mental
retardation [6].
Recently, numerous approaches have been studied for the development of cheaper and more
effective technologies to decrease the amount of wastewater and to improve the quality of treated
effluent, especially in toxic heavy metal treatment. In this manner, advance photocatalysis is
considered to be a 'green' method for water decontamination and acted as an innovative technique
for efficient detoxification of heavy metals by oxidative or reductive mechanisms [7-8]. In this way,
the advance photocatalytic process can lead to fast and complete mineralization of toxic heavy
metal without leaving harmful intermediates [9-10]. Pb is a toxic metal ion frequently found in
wastewater, which are the most hazardous among the chemicals industries. High concentration of
Pb(II) ions are hazardous because it could lead to a wide range of spectrum health. The elevated
levels of Pb(II) ions in drinking water can be resulted in delayed physical and mental development,
attention deficits, kidney disorders and high blood pressure [4,6-7,10-11]. Table 1shows the studies
reported by several researchers on Pb ions removal using photocatalysis technique. As seen from
Table 1, photocatalysis technique can be envisaged as a convenient method for eliminating Pb(II)
from aqueous solution.
Table 1; Various methods of Pb(II) removal at different initial concentration
Removal Initial Efficiency Time Structure Reference
Method Concentration
Photocatalysis 198 ppm 27.2 % 1 h 5 min Nanopowder Chen and K
Ray, 2001 [12]
Photocatalysis 100 ppm 93% 5h Nanoparticle Murruni et ai.
2007 [13]
Photocatalysis 10 ppm 95.8% 3h Nanoparticle Samarghandi et
a/., 2007 [14]
Photocatalysis 198 ppm 98.8 % 3h Nanoparticle Joshi and
Shrivastava,
2010 [15]
Photocatalysis 165 ppm 57% 4h Nanopowder Murruni et al..
2008 [7]
Photocatalysis 100 ppm 75% 1 h Nanoparticle Mishraetfl/.,
2007 [16]
Among various types of photocatalyst materials, titanium dioxide (TiOz) has captivated much
attention, especially in one-dimensional nanotubular structure due to the favorable surface
chemistry, good biocompatibility, and their large specific surface area [17-22], Besides, Ti02
nanotubular structure was found to possess outstandingcharge transport and carrier lifetime features
enabling a variety of advanced applications [19-25], However, TiOz has its own intrinsic limitation
such as recombination of photo-generated electron hole pairs, fast backward reaction, and
inefficient visible light utilization [20-26], The drawback cannot be overcome by only optimizing
the dimensions of TiOi nanotubes itself. Therefore, considerable efforts have been exerted to deal
with these drawbacks by incorporating an optimum amount of copper (Cu^^) ions into Ti02
nanotubes. In this case, Cu^^ ions appeared as a promising dopant and gained considerable attention
due to the interesting and unique features of the resultant binary Cu-Ti02 nanotubes [27-28], As the
Fermi level of Cu is 4,65 eV, which is between gold (5,10 eV) and silver (4,26 eV), it makes Cu as
an appropriate and cheap candidate to replace noble metals in modulating the band structure of
TiOz nanotubes [29], Many studies reported that the coupling mechanism between Cu^^ ions into
the lattice of Ti02 could facilitate better charge separation and visible light response [28-32],
However, the controlled loading of Cu^"^ ions into lattice ofTi02 iscrucial in order toget the desired
hybrid Cu-Ti02 nanotubes for high photocatalytic Pb(II) ions removal performance. Thus, a
controlled synthesis procedure for the production of desired hybrid Cu-Ti02 nanotubes must be
investigated and optimized, resulting inbetter photocatalytic removal of Pb(II),
2.0 Experimental procedure
99.6% purity of titanium (Ti) foils with thickness of 0,125 mm (Strem Chemical) was used in this
study, Ti foils were cut into the desired dimension of50 mm x 10 mm. Prior toanodization process,
Ti foils were degreased by sonication in ethanol for 30 min, Ti foils were then rinsed in deionized
water and dried with nitrogen (N2) stream. After the drying process, Ti foil was placed in 100 ml
ethylene glycol electrolyte composed of 5 wt % ammonium fluoride (NH4F) and 1 vol% of
hydrogen peroxide (H2O2) at 60 Vfor I hour. This composition was selected because it favors the
formation of well-aligned and highly ordered Ti02 nanotubes based on our previous study [33],
Anodization was performed in a two-electrode bath with Ti foil as the anode and a platinum rod as
the cathode, Anodized Ti foils were cleaned using distilled water and dried in a N2 stream. The
samples were then annealed at 400 °C in an argon atmosphere for 4 h. Next, copper (II) nitrate
trihydrate with formula Cu(N03)2.3H20 (Merck) was employed as a source of Copper (Cu) to
incorporate into Ti02 nanotubes. The Cu^^ ions was incorporated onto the as-prepared Ti02
nanotubes by immersing the Ti foil with dimension of 10 mm x 40 mm in Cu(N03)2 solution via
wet impregnation technique. In the present study, an optimize 0,06 Mof initial Cu(N03)2 solution
was prepared to load the Cu^"^ ions into Ti02 nanotubes. The soaking time and reaction temperature
for the wet impregnation technique was 1 h and 37'C, respectively. Subsequently, the resultant
sample with and without post annealing treatment at 400 "C for 4 hours under argon gas atmosphere
was conducted. Annealing was performed in a tube furnace to obtain crystalline phases ofCu-Ti02.
The improvement of crystalUnity may enhance the photocatalytic activity ofTi02 nanotubes. The
temperature was maintained constant at 500 °C for 4 h. Heating and cooling to the set temperature
were carried out at a ramping of 5 °C min"' to avoid thermal cracking. In the present study, the
annealing process was carried out at2 stages. The first stage ofannealing treatment was prior to wet
impregnation process and the second stage of annealing treatment was conducted after
incorporating the ions intoTi02 nanotubes.
The photocatalytic activity of Cu-TiOz nanotubes (post annealed and without post-annealed) were
studied by degradation of methyl orange (MO) solution under UV light irradiation. Each sample
with an area of 4 cm^ was dipped in 30 ml of methyl orange solution (30 ppm) in a customized
photoreactor made of quartz glass.. The quartz tube with MO was irradiated by germicidal UVC
light at 120 Wfor 1,2, 3,4,and 5h. The determination ofMO concentration was performed using a
CaiySO UV-vis spectrophotometer (Varian Corp). Then, the lead(II) stock solution purchased from
MERCK at 1000 mg/L ofconcentration was used todetermine the removal rate by using the hybrid
Cu-Ti02 nanotubes. Atomic Absorption Spectrometer (AAS) is AAnalyst 700 was used to
determine the AAS is used to measure the heavy metal ions after exposed to UV light for 5 hours.
The changes ofthe initial and final concentration after photocatalytic activity will be observed. The
morphologies of the nanotubes were observed by field emission scanning electron microscopy
(FESEM) using a Zeiss SUPRA 35VP at a working distance of 1mm. The element analysis ofCu
incorporate into Ti02 was determined with EDX (Energy Dispersive X-ray) which is equipped in
the FESEM. X-ray diffraction was used to attain information about the structure and percentage of
crystallinity of the anodized Ti foils and also sample that undergone annealing process. Phase
identification ofTi02 was done by using Philip model PW 1729 ofX-ray diffraction (XRD), which
was operated at 40 kV and 40 mV.
3.0 Results and discussions
3.1 Anodization of TiOi nanotubes in optimized condition
An experiment was conducted to obtain uniform Ti02 nanotubes was discussed and elaborated in
detail. Electrochemical anodization was carried out by adopting an optimum condition in our
laboratories for the formation of Ti02 nanotubes [33]. Ti02 nanotubes were synthesized by
electrochemical anodization of Ti foil at 60 V for 1 h in a bath with electrolytes composed of
ethylene glycol containing 5 wt % of NH4F and 1 vol% of H2O2. In order to obtain the
electrochemical information during the formation of Ti02 nanotubes, a curve of current density
versus time transient was plotted. The /-t curve ofTi foil anodized for 60 min is shown in Fig. 1.
Such plot is important to explain the formation mechanism ofTi02 nanotubes [34]. Generally, it
was found that electrochemical anodization of Ti foil resulted in the formation of an oxide layer.
There was an abrupt decrease of current density to about 5.9mA/cm as compact oxide layer was
formed within 5 min of anodization (denoted by Al). This result indicated that the potential was
dropped between Ti foil and electrolyte. The reason mainly attributed to the formation ofa compact
oxide layer resulting from field assisted oxidation [TP"*" +2H2O —*• Ti02 +4H ]. Beyond this point,
the current density was increased slightly. The structure ofthe film at point A2 shows fine pits on
the oxide surface (inset in Fig. 1) due to the polarization of Ti-0 bonding assisted by applied
electric field across the anodized Ti foil. The fine pits act as pore nucleation sites to allow large
number of ionic transport during electrochemical anodization. This consequently resulted again in
continues decrease in current density till achieving an equilibrium stage (A3 up toA4). At this stage
field assisted dissolution is in equilibrium with oxidation to form a distinct nanotube. A well-
ordered Ti02 nanotube with a diameter of95 nm and length of 13 pm was formed after 1h. Fig.
2(a) shows FESEM image ofthe surface morphology of synthesized Ti02 nanotubes with agrowth
rate of 216.7 nm/min. The inset shows the cross-sectional morphology of oxide layer. The EDX
analysis was employed to detect the elemental compositions of TiOz nanotubes. EDX spectra are
shown in Fig. 2(b). The peaks ofTi and Owere clearly observed from EDX spectra. Interestingly, it
could be noticed that 4.25 at% of carbon species was found in Ti02 nanotubes. The presence of
carbon content mainly attributed to the oxidation of organic ethylene glycol to carbonate type
species (pyrogenation process). These carbonate species would further reduce to carbon species
during heat treatment stage. Then, these small carbon species would diffuse into the lattice ofTiOz
[35]. The as-anodized Ti02 nanotubes were amorphous in nature. Therefore, the role of heat
treatment stage in the present study is to convert the amorphous phase into crystalline anatase
phase. The XRD analysis was conducted to determine the crystal structure ofthe as-anodized and
annealed T1O2 nanotubes [36-37]. The results are presented in Fig. 3. Obviously, there are only Ti
peaks were observed from the XRD pattern for the as anodized sample, which inferred that
amorphous is dominant phase. After annealed at 400°C for 4 h in argon atmosphere, it shows peak
at 20 of 25.37°, 38.67°, 48.21°, 54.10°, and 55.26° which corresponding to (101), (112), (200),
(105), and (211) crystal planes for the anatase phase, respectively.
3.2 Synthesized ofCu-TiOi nanotubes viawetimpregnation
In this part ofstudy, an optimize 0.06 Mofinitial Cu(N03)2 solution was prepared to load the Cu
ions into TiOz nanotubes at room temperature. The deposition ofCu^^ ions was performed by using
wet impregnation method. Two different samples;- 1) amorphous TiOz nanotubes, and 2) anatase
phase TiOz nanotubes were prepared to serve the purpose of this investigation. As the deposition
reaction proceeded, Cu^"" ions was believed to be gradually hydrolyzed into Cu(OH)2 colloidal and
subsequently loaded on TiOz nanotubes. Fig. 4(a) and (b) present the top view of FESEM images of
the Cu-TiOz on amorphous and anatase phase ofTiOz nanotubes, respectively. It could be noticed
that the morphology for both sample are almost similar, which showing the open pores without
covered by any aggregations. However, the Cu^"^ ions incorporated nanotubes on amorphous TiOz
nanotubes tend to break and collapse in certain region (peeling off); while loading of Cu^^ ions into
anatase phase TiOz nanotubes was clear from any obvious damage. Fig. 5(a) and (b) show the
images of the Cu-Ti02 nanotubes foil after conducting the wet impregnation and heat treatment
stages. In here, the peeling off problem was prominent for loading Cu^"^ ions into amorphous TiOz
nanotubes sample. The reason might be attributed to the poor ionic species diffusion within the
metal/oxide interface for weak adherence ofTiOz nanotubes on the as-anodized substrate. Thus, the
post annealing effect of Cu^^ ions loaded on anatase phase TiOz nanotubes after the wet
impregnation process was evaluated in detail in this part of study. The aforementioned Cu-TiOz
nanotubes were post annealed further at400°C for 4h in argon atmosphere.
The Cu(OH)z was believed to be dehydrated into CuO or CuzO and some of them might be loaded
into the lattice of TiOz or accumulate at the surface of the nanotubes after the post annealing
process. The incorporation of Cu^^ ions on TiOz nantubes was further demonstrated by the EDX
which exhibited the presence ofCu element of about 1.30 at %(Fig. 6). Besides Cu element, other
element such as Ti, Cand also Owere traced in the EDX spectrum. Interestingly, it was observed
that the carbon content was about 6.77 at%. The reason might be attributed to the additional post
annealing process have improved the pyrogenation of the ethylene glycol and thus resulted more
carbon species was appeared in the anatase phase Cu-TiOz nanotubes. Next, the XRD pattern of
Cu-TiOa nanotube with and without post annealing treatment after impregnation was presented in
Fig. 7. The result showed that post annealing process could improve the intensity of anatase peaks
and suppress the intensity of Ti peak significantly. This resultant XRD pattern because of the thick
oxideTiOz nanotubes oxide layer was formed for the post treated sample. The temperature induced
during the post annealing process could enhance inward O^" diffusion and Ti''^ diffusion from the
underlying substrate thus accelerate the oxide growth rate along the nanotubes walls to form thick
anatase TiOz layer [38]. No other peaks (Cu metal, CuO or CuzO) appeared within XRD patterns,
which implying that Cu exists in amorphous form or the Cu concentration is low, beyond the
detection limit of the XRD [28].
3.3 Photocatalytic methyl orange degradation and Pb(II) removal
The photocatalytic activity of post annealed sample was compared with the sample that never
underwent post annealing treatment using methyl orange degradation. The results showed that post
annealed Cu-TiOz nanotubes exhibited higher methyl orange removal (79.3%) while the one
without post annealing was lower by 29% under 5 hours of UV irradiation (Fig. 8). This result
manifested that small Cu^"" ions could diffuse into the lattice of TiOz effectively after post annealing
treatment and exhibited high photocatalytic performance. The presence ofoptimum content of Cu^^
ions within TiOz will cause the inter-band states (mismatch of the band energies) within the lattice
[28,31]. In this case, Cu^^ ions could be acted as photo-induced electrons acceptor from TiOz
nanotubes to hinder the recombination losses of charge carrier [27,29]. In fact, the photocatalytic
activity of a photocatalyst strongly depends on the ability to generate charge carriers, which will
generate free radicals (hydroxyl radicals 'OH) that able to undergo secondary reactions for effective
methyl orange degradation [39]. In this case, the post annealed Cu-TiOz nanotubes exhibited higher
photocatalytic ability and this sample was selected for the Pb(II) ions heavy metal removal studies.
Fig. 10 shows XPS analysis for Pure TiOz and Cu -TiOz nanotubes. No Cu peak was observed for
pure TiOz, a result which is consistent with that of the EDX analysis. The XPS spectrum of Cu-
TiOz indicates the appearance of two components after the deconvolution of Cu 2p3/2 and Cu
2pi/2.These two components correspond to two Cu species with different oxidation states in Cu-
TiOz- The presence of CuO was confirmed by the Cu 2p3/2 and Cu 2pi/2 binding energies at 93j.6
and 953.3 eV, respectively. Apart from the predominant CuO peak, a minor species of Cu, which
exhibited binding energies of Cu and Cu 2p,/2 at932.4 and 952.2 eV, respectively, was found.
This peak is assigned to the reduced copper species, CuzO [43]. These results indicate that Cu^"^ is
the dominant Cu species in the TiOz sample prepared via the wet impregnation method. Annealing
after wet impregnation resulted in the formation ofCuO, which could have been reduced to CuzO
during the XPS analysis, as demonstrated by Chusuien The initial pH of the solution was varied
between 2 to 11 to examine the effect of pH on Pb(ll) heavy metal removal,. The initial
concentration of Pb(II) was 4 ppm and the original pH of Pb(II) was 2. In order to eliminate the
Pb(II) reduction due to adsorption, the post annealed Cu-TiOz nanotubes was kept in dark
environment for Ih in Pb(II) solution before starting photocatalytic experiment. Fig. 9 shows the
Pb(II) heavy metal removal at different pH. The highest percentage removal of97.3% was obtained
at pH 11, followed by pH 9(96.7) and 5(96.4). However, the removal ofPb(II) dropped drastically
to 8.4% in high acidic environment (pH 3). The results showed that there was a strong dependence
of photocatalytic reaction for heavy metal removal on pH of the solution. This could be explained
by the amphoteric character of TiOz in an aqueous medium. The surface hydroxyl group TiOH
undergoes different acid-base reaction dependent on the pH value of the medium. Consequently,
they are either positively charged or negatively charged depending on zero-point of charge pH,
pHpzc, for Ti02 nanotubes is 3 at which the surface is neutral [40]. At pH below pHpzc, the Ti02
surface accumulates a net positive charge due to the presence of substantial amount of TiOHi^
present on the Ti02 surface (Equation 1). In contrast, at pH above pHp^c. the surface has a net
negative charge due to significant fraction ofTiO" on the surface ofthe Ti02 nanotubes (Equation
2).
^TiOH/ TiOH + H^ , pH<3
NtiO" + < >^TiOH , pH>3
(Equation 1)
(Equation 2)
The negative charge on the Ti02 surface is attractive to the metal ion Pb(II) in the solution. Thus
OH" and O '^ radical produced from Ti02 nanotubes interact with Pb(II) at the surface thus form
PbO/PbOH complexes [41-42]. Consequently, the remnant Pb(II) in solution with pH 5 is low. On
the other hand, in an highly acidic environment (pH 3), the surface of Ti02 nanotubes and Pb(ll),
both attained positive charge and there would be electrostatic repulsion between them which slow
down the interaction within OH* / O '^ with Pb(ll) to form Pb oxide/hydroxide complexes. The Pb
accumulated on the Ti02 nanotubes after photocatalytic reaction was investigated using EDX
analysis. Table 2 summaries the content of Pb accumulated on the surface of the nanotubes. From
the results its, obvious that presence of substantial amount of TiO" at pH 11 as compared to 5 have
attracted more Pb on the nanotubessurfacefor photocatalytic reaction.
Table 2: Pb(ll) ions accumulated on Cu-Ti02 nanotubes surface under UV illumination.
pH 2 4 10 20 60 100
Initial Concentration
of Pb in solution
(ppm)
5 0.14 0.15 0.20 0.24 0.44 0.51 At% of Pb on Ti02
nanotubes
11 0.23 0.26 0.38 0.47 1.61 1.8
4.0 Conclusion
The present work clearly to show astrongly beneficial effect ofthe post annealing treatment for Cu-
Ti02 nanotubes in improving the photocatalytic methyl orange degradation and Pb(ll) heavy metal
removal. The presence of small content of 1.30 at % Cu element within Ti02 nanotubes
demonstrated a maximum of 80% methyl orange removal in 5 hours UV irradiation. Besides, the
highest percentage Pb(ll) heavy metal removal of97.3% was obtained at pH 11. The reason mainly
due to the surface has a strong net negative charge under alkaline condition, which could attract
more Pb(II) heavy metal ions for photocatalytic degradation purpose. Besides, itcould be concluded
that the Cu^^ ions were diffused into the lattice of TiOi after post annealing treatment and acted as
efficient photo-induced electrons acceptor for high transportation rate of charge carriers by
minimizing the recombination losses. Such mechanistic understanding and findings is very
important for improving the treatment of polluted industrial wastewater, which may be used to
realize the green, clean and healthy environment in our future.
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Fig. 1: The /-t curve ofTi foil anodized in electrolyte for 60 min. Inset show the pits formation on
the oxide layer at A2 (after 5 minutes of anodization)
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Fig. 2: (a) Top and cross-sectional view (inset) FESEM images, and (b) EDX elemental
composition for pure TiOa nanotubes synthesized via electrochemical anodization of Ti foil at 60 V
for 1 h in a bath with electrolytes composed of ethylene glycol containing 5 wt % of NH4F and 1
VOl% of H5O5.
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Fig. 3. XRD diffraction patterns of pure Ti02 nanotubes synthesized via electrochemical
anodization of Ti foil at 60 V for 1 h in a bath with electrolytes composed of ethylene glycol
containing 5 wt % of NH4F and 1 vol% of H2O2, (a) as anodized sample, and (b) annealed 400 °C
for 4 hours in argon atmosphere.
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Fig. 4: Top and close-up view (inset) FESEM images for Cu-TiOz nanotubes after soaking in 0.06
Mof initial Cu(N03)2 solution for 1 hour at room temperature, (a) as-anodized pure TiOz
nanotubes, and (b) annealed pure TiO^ nanotubes at 400 "C for 4hours in argon atmosphere.
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Fig. 5: The overall images of the wet impregnated Cu-TiOz nanotubes foils after soaking in 0.06 M
of initial Cu(N03)2 solution for 1hour at room temperature, (a) as-anodized pure TiOz nanotubes,
and (b) annealed pure TiOz nanotubes at 400 "C for 4hours in argon atmosphere.
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Fig. 6: EDX elemental composition for Cu-TiOz nanotubes after soaking in 0.06 Mof initial
Cu(N03)2 solution for 1hour at room temperature using annealed pure TiOz nanotubes at 400 'C
for 4 hours in argon atmosphere.
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Fig. 7: XRD diffraction patterns of Cu-TiOz nanotubes after soaking in 0.06 M of initial Cu(N03)2
solution for 1 hour at room temperature using annealed pure Ti02 nanotubes sample, (a) without
post annealing, and (b) with post annealing treatmentafter impregnation.
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Fig. 8: The photodegradation of methyl orange organic dyeperformance for pure TiOz and Cu-
TiOz nanotubes sample with and without post annealing treatment after impregnation under 5hours
of UV irradiation.
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Table 1: Various methods of Pb(II) removal at different initial concentration
Removal Initial Efficiency Time Structure Reference
Method Concentration
Photocatalysis 198 ppm 27.2 % 1 h 5 min Nanopowder (Chen and K
Ray, 2001)
Photocatalysis 100 ppm 93% 5h Nanoparticle (Murruni et al.,
2007)
Photocatalysis 10 ppm 95.8% 3 h Nanoparticle (Samarghandi et
aL,2007)
Photocatalysis 198 ppm 98.8 % 3 h Nanoparticle (Joshi and
Shrivastava,
2010)
Photocatalysis 165 ppm 57% 4h Nanopowder (Murruni et al.,
2008)
Photocatalysis 100 ppm 75% 1 h Nanoparticle (Mishra et ai,
2007)
Table 2: The EDX elemental compositionofPb accumulated on Cu-TiOz nanotubes surface
after 5 hours UV illumination.
pH 2 4 10 20 60 100
Initial
concentration of
Pb(II) ions in
solution (ppm)
5 0.14 0.15 0.20 0.24 0.44 0.51 at% of Pb(II) ions
11 0.23 0.26 0.38 0.47 1.61 1.8
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Carbon and potassium-embedded TiOz nanotubearrayswere rapidlyformed viaanodic oxidation ofthe
Timetal in ethyleneglycol (EC)containing potassium hydroxide(l<OH).The incorporation of KOH allowed
the simultaneous control of electrochemical oxidation and chemical dissolution, resulting in the equilib
rium growth of nanotube arrays with a maximum growth rate of ~353 nm min"'. Theanodic growth of
nanotube arrays in the hydroxyl (OH)-rich environment induced the formationofanatase crystallitesby
bridging between the dissociated H2O molecules and OH group of octahedra in Ti02.High aspect ratio
nanotube arrays with a large pore size formed in EC electrolyte containing KOH could efficiently har
vest the light energy, thereby enhancing the photocatalytic efficiency. High reaction sites of nanotube
arrays with high surface area promoted the diffusion of charge carriers to the electrolyte. Furthermore,
the strong e" donation nature of adsorbed-potassium species on nanotubes facilitated the photoelectro
chemical properties. Nanotube arrays formed in EC electrolyte containing 1wt% of 1.0MKOH exhibited
a remarkable capability to generate hydrogen at an evolution rate up to -658.3 p.Lmin"' cm"^ and the
photoconversion efficiency of-2.5%.
® 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Ti02 nanotube arrays have received increased interest for
their widespread use in various applications, such as pollutant
decomposition [1,2], photoelectrochemical water splitting [3] and
solar cell [4]. Their excellent ability to harvest light energy (/iv),
and extremely high surface area brought about tubular struc
tures as ideal structures to achieve high photocatalytic properties
(5). The anodic-growth of tubular structures is well known as
the equilibrium reactions between electrochemical oxidation at
the metal/electrolyte interface and chemical dissolution at the
oxide/electrolyte interface (2,3). The structural characteristics of
the nanotube arrays can be controlled through various synthesis
parameters, including electrical potential |3.6|. exposure time [7],
electrolyte type and chemical composition [2,7]. The electrolyte
type and composition play significant roles to the structural char
acteristics of nanotube arrays and thus determine their properties
[6,8]. The formation of Ti02 nanotube arrays was first achieved
• Correspondingauthor. Tel.:+604599 5255; fax: +604594 1011.
•• Corresponding author.Tel.: +81 53244 6799; fax: +81 53248 5833.
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by anodic oxidation of the Ti metal in aqueous hydrofluoric acid
(HF) electrolyte [9]. However, high chemical dissolution in aqueous
electrolyte limits the nanotube lengths at -500 nm. The decrease
in chemical dissolution by the reduction of acidity allows the
formation of nanotube arrays up to ~3[xm long [10]. In 2005,
the anodic-oxidation in organic solvents appears as a promising
approach to form high aspect ratio nanotube arrays [11]. Various
types of organic solvents, c.a., dimethyl sulfoxide (DMSO), form-
amide (FA), N-methylformamide (NMF) and ethylene glycol (EG)
have been used for anodic-oxidation, and EG offers a great poten
tial for the formation of long nanotube arrays [6]. Furthermore, the
anodic growth of Ti02 nanotube arrays in EG induces the adsorp
tion of carbon species on the nanotube walls, thereby enabling
visible-light absorption [5] without further processing [12]. How
ever. the donation of oxidation ions (0^") in organic electrolyte
is more difficult than that of in aqueous electrolyte, which conse
quently impedes the oxidation. Hence, water usually serves as a
source of 0^" and hydroxyl ion (OH ) (6,7). The large amount of
water decreases the viscosity (p) of EG [2], leading to high chem
ical dissolution by the higher diffusion rate of reactant ions [13].
The minimum amount of water less than 5wt% limits the chem
ical dissolution and thus allows the formation of long nanotubes
[6.7]. The addition of strong oxidizer, hydrogen peroxide (H2O2)
has been suggested as alternative approach to enhance the growth
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of nanotubes by providing sufficient oxidation rate [14]. However,
it simultaneously induces high chemical dissolution. Wang et al.
have recently been proposed the solution to control the chemical
dissolution in EG electrolyte by the addition of sodium carbon
ate. which allows the rapid-growth of nanotube arrays (15). This
implies the potential of alkaline additives to achieve the equilib
rium reactions. Although high growth rate has been achieved, the
photoelectrochemical properties of nanotube arrays obtained from
EG electrolyte containing alkaline material remains to be deter
mined. Besides, the incorporation of alkaline material into Ti02
nanotube arrays contributed to better photoelectrochemical prop
erties, as demonstrated by the anodic growth of Ti02 nanotube
arrays in HFelectrolyte containing potassium salt [16]. Therefore,
this work established an efficient approach to achieve the equilib
rium growth of carbon and potassium-embedded Ti02 nanotube
arrays by incorporating potassium hydroxide (KOH) additive, with
different concentrations. This approach enables rapid growth of
nanotube arrays with the presence of anatase crystallites in as-
grown nanotube arrays. The significances of KOH additive on the
growth behavior of nanotube arrays and their structural char
acteristic, crystal structure and electrochemical properties were
discussed in detail.
2. Experimental methods
Titanium foils (99.7%, Strem Chemicals, USA) with a thickness of
127)xm andsurface areaof~8 cm^ wereexposed to EG electrolyte
(C2H6O2, >99.5%, Wako, Japan) containing 0.5wt% of ammonium
fluoride (NH4F. 98%, Sigma-Aldrich, USA) and 1wt% of oxidizing
agents. Aqueous potassium hydroxide (KOH, Wako, Japan) solu
tions with concentrations of 0.5, 1.0 and 1.5 M, and deionized
water with the ionic conductivity of 0.06 |xS (Advantec Aquar
ius RFD 230NA, Japan) were used as oxidizing agents. Prior to
anodic oxidation, an AC impedance measurement of fresh elec
trolyte was performed on a 1260Aimpedance/gain-phase analyzer
(Solartron Analytical,UK) in ambient condition (~20 °C, ~50%RH).
Instrument operation and data acquisition were controlled by the
Z-Plot/Z-View 33b (Scribner Associates, Inc.,USA). All impedance
measurements were performed in the two-electrode configuration
over the frequency range of 0.1 Hz to 32 MHz, with AC ampli
tude of 40 mV, DC off-set potential was OV. The Agilent 3647A
power supply (Agilent Technologies, USA) was used to supply a
DC potential of60V, and simultaneously recorded the current den
sity transient (J-t). As-grown nanotube arrays were then annealed
at 400 °C for 4h in air. The morphologies of nanotube arrays
were observed via field-emission scanning electron microscopy
(FESEM, HitachiS-4800,Japan) operating at 5kV. The crystallog
raphy of the nanotube arrays was further investigated using a
high-resolution transmission electron microscope (HRTEM, JEOL,
JEM-2100, Japan) operating at 200kV. The crystal structures of
the nanotube arrays were identified by the molecular vibration
using a laser Raman spectrometer (Jasco NRS-3100, Japan) in the
60-1180 cm"^ range, at an excitation wavelength of 532 nm gen
erated by an Ar ion laser. The scattered light was collected in
the backscatteringmode.X-ray photoelectron spectroscopy(XPS)
was performed on a PHI Quantera SXM scanning X-ray micro-
probe(ULVAC-Phi, Inc., Japan)usingan Al cathode (/iv=1486.6eV)
under a base pressure of 5 x 10~®Torr and an X-ray source with
100W power,26.0eVpass energy, and 45' take-off angle.Thecore
level spectra of CIs and K2p were recorded through high reso
lution scans over the 278-307 eV binding energy range. The XPS
spectra were further deconvoluted via the Caussian-Lorentzian
curve-fitting technique using the Multi Pak software 9.0 (ULVAC-
Phi, Inc., Japan). The spectra were calibrated by setting the CIs
peak of adventitious carbon at 284.6 eV. Mott-Schottky analysis
Time /min
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Fig. 1. J-t curves during anodic oxidation of the Ti metals in EG electrolytes con
taining 0.5wt%of NH4F and (a) 1wt%of H2O. and 1wt%of KOH with (b) 0.5M,(c)
1.0 M and 1.5 M at 60 V for 1 h. The insets show the enlargedJ-r curves in the range
of 0-5 min.
was performed using a 1280Cpotentiostat/galvanostatwith a built-
in frequency response analyzer (Solartron Analytical, UK); a Pt wire
acted as the counter electrode and an Ag/AgCI in saturated KCl
(Metrohm,The Netherlands) served as the reference electrode.The
imaginary impedance (Z") toward the DCpotential was recorded
over the l.OV to -1.0V at a frequency of 3kHz and an AC sig
nal amplitude of lOmV. The photoelectrochemical properties of
nanotube arrays were investigated by measuring the photocurrent
(/p). ATi02 photoelectrode with a surface area of ~1 cm^, a Pt
electrode, and an Ag/AgCI electrode were connected to a poten
tiometer (Metrohm jxAUTOLAB 111, The Netherlands) to serve as the
anode, cathode, and reference electrodes, respectively, and fixed
in a quartz cell filled with 1M KOH. A150 W Xenon lamp (Osram
XBO, Germany)was used as the light source,with optical filter used
to restrict the incident of UVwavelength <400 nm (Edmund, UK).
Alightbeamwith an intensityof ~100 mWcm"^was focused on
the immersed portion ofTi02 photoelectrode.Thejp value toward
the applied bias voltage was obtained over the -l.OV to l.OV
range under the dark and illumination.The quantum efficiencywas
subsequently evaluated in the same electrode configuration.The
photoelectrodes were irradiated by a monochromatic beam gen
erated by a HAL-320 Xenon lamp (AsahiSpectra,Japan) equipped
with a CMS-100 monochromator (Asahi Spectra, Japan) over the
300-800 nm wavelength.Thejp value toward the wavelength was
recorded by a Solartron 1280Cwith 20 nm step. The bias voltage
was 03 V.The intensity of incident light was acquired using a HD
2302 light detector (Delta Ohm, Italy). The H2evolution measure
ment was subsequently performed under a bias voltage of0.3Vfor
1 h, and the evolved H2 was collected using a reverted buret.
3. Results and discussion
Fig. 1 shows the current density (J-t) curves during anodicoxi
dation of theTi metals in EG electrolytes containing H2O, and KOH
solution with different concentrations at 60 V.TheJ-t curves clearly
reflected the growth behavior of tubular structures, including the
formation of an initial oxide layer, pit initiation and pore growth
[3,17]. ThepHvalueof freshelectrolytecontainingH2O was found
as ~7.34, and it increased to 8.02, 8.27 and 8.49 by incorporating
1 wt% of KOH solution with 0.5, 1.0 and 1.5 M. This indicates the
significance of the KOH addition on the number of OH and acidity
of electrolyte [10].The anodic oxidation in an electrolyte contain
inglargenumberofOH stimulated the extractionofoxygen and/or
hydroxyl ionsfromthe electrolytethroughelectrolysis at ananode;
2H20^ 02(g)+4e~+4H^, and subsequently oxidized with the Ti
metal; Ti+02-*Ti02 to form an initial oxide layer [7].The rapid
growth of thick initial layer obstructed the ionic transport across
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Fig. 2. Complex impedance spectra of EG electrolytes containing 0.5wt%of NH4F
and (a) 1wtXof H2O. and 1wt>B of KOH with (b)0.5M, (c) 1.0Mand (d) 1.5M.The
inset shows the enlarged spectra at low range of Z" and Z".
the oxide/electrolyte interface, resulting in abrupt reduction ofJ
(marked as i in the insetofFig. 1).Low polarization ofTi''^ —0 bond
in thick oxide layer retarded the pit initiation, as manifested by the
gradual increase ofJ at region ii and the shift of local minimum J to
longer exposure time (marked as Ain the inset of Fig. 1).This con
sequently hindered the growth of tubular structures, as seen by the
shift of] (marked as Bin the inset of Fig. 1).The growth of nanotube
arrays in electrolyte containing large number of OH inhibited the
ionic transport across thick barrier layer and thus resulted in lower
value ofJ throughout the process (marked as in in Fig.1).
The impedance responses of electrolytes containing H2O. and
different concentrations of KOH solution were further investi
gated to get insight into the effect of the ionic transport and
ionic conductivity on the growth of nanotube arrays. The com
plex impedance spectra (Fig.2) exhibited two well-defined regions:
(i) a semi-circle in the high frequency region consistent with
the charge transfer process, which is electrically described by a
resistance parallel with a capacitor related to the charge trans
fer at the electrode/electrolyte interface and (ii) the linear region
at low frequencies ascribed to the Warburg response region of
semi-infinite diffusion of species in electrodes (18,19). The elec
trochemical characteristics, including high frequency intersection
(Rs). diameter of semi-circle (Rp) and low frequency intersection
point (Z) on the real number axis (Z'), and estimated capacitance
(C) were obtained and listed in Table1.TheZvalue of electrolyte
containing H2O was found as 574.19Q, and it decreased largely
to ~459.66-574.19Q after incorporating KOH. Furthermore, the
increase in the KOH concentration led to the continuous decrease
in the Z value. These infer the rapid initiation of charge transfer
Table 1
Electrochemicalfactors from the complex impedance spectra, and calculated ionic
conductivity and the timeconstants of EG electrolytes containing 0.5wt% ofNH4F
and 1wt%of H2O. and different concentrations of KOH at room temperature.
Factors Oxidizing types/KOH contents
H2O 0.5 M KOH l.OM KOH 1.5 M KOH
R,(n) 459.34 393.86 392.67 386.80
Z(£2) 574.19 470.60 467.67 459.66
Rp(n) 117.38 78.15 76.24 74.14
<T(mScm"') 1.548 1.889 1.901 1.934
/max. f max (Hz) 4,028.561 3.200.000 3.200.000 3.200.000
3.951 4.974 4.974 4.974
CCFxlO-'") 3.37 6.36 6.52 6.71
Table 2
Structural characteristics of nanotube arrays prepared in ECelectrolytes containing
0.5 wt5K of NH4Fand 1 wt% of H2O.and different concentrations of KOH.
Factors Oxidizing types/KOH contents
H2O 0.5 M KOH l.OM KOH 1.5 M KOH
L(nm) 17.3 ±0.3 19.6 ±0.6 21.2 ±03 7.0 ±0.4
D(nm) 115.4 ±7.7 115.8 ±4.2 116.3 ±5.6 89.0 ±9.2
w(nm) 12.4±1.2 14.6 ±5.2 17.3 ±3.1 42.8 ±53
a(nm) 134.7 ±5.2 131.3 ±9.9 140.3 ±6.4 192.5 ±20.9
/t(nnimin-') 288.3 326.7 3533 116.7
AR 123.4 135.2 140.5 40.1
C 817.1 882.9 903.4 219.8
processes in an electrolyte containing large number of OH,as con
sistent to that reported by Gimmenez et al. [19]. This confirmed
by the increase in time constant of the electrochemical reaction
(Trxn) from 3.95 x 10"® to 4.974x 10"®, as calculatedby the rela
tionship: 1/tUmax ~l/(27r/max)°° Tpcn, where CUpfiax 3nd/max 3re the
frequency at a maximum Z" [20]. The increased OHconcentration
simultaneously contributed to a higher number of charge carrier,
as revealed by the higher value of ionic conductivity (CT).The a was
calculated using the equation, <T = f/Rx A, where I is the distance
between electrodes in cm, R is the Z value, and A is the surface
area of electrode in cm^. Higher number of OH reduced the polar
ization resistance between electrode and electrolyte, as resulted
in the lower value of Rp. This consequentlyaccelerated the ionic
transport at the oxide/electrolyte interface.The results indicate the
signihcances of KOH addition on the electrochemical reactions.
The surface and cross-sectional morphologies of nanotube
arrays were observed and shown in Fig. 3a-d.The structural char
acteristics of nanotube arrays were determined and detailed in
Table 2. The anodic growth of Ti02 nanotube arrays in EG elec
trolyte containing H2O allowed the formation of nanotube arrays
with a growth rate (fi) of ~288 nm min"'. However,high chemical
dissolution in an electrolyte containing excessive F~ ions resulted
in the existence of debris on the arrays (Fig.3a). The incorporation of
KOH into EG electrolyte greatly influenced growth behavior and the
structural characteristics of nanotube arrays. Faster mobility and
higher number ofcharge carriers in an electrolyte containing higher
concentrations of KOH could accelerate the growth rate, result
ing in a longer nanotube length (Fig. 3b-c). Highextraction rate of
oxygen and/or hydroxyl ions from the electrolyte simultaneously
facilitated the growth by strong oxidation. Besides, the acidity of
electrolyte also greatly influenced the growth behavior of nano
tube arrays. Lower number of hydrogen ions (H^) in an electrolyte
containing larger amounts of 0H~ ions retarded the chemical
dissolution;Ti02+6F +4H*->• Ti02+[TiFe]^" +2H2O [15].Amaxi
mumgrowth rate of~353 nm min"' was achievedbyincorporating
1 wt% of 1.0 M KOH. It is obvious that nanotube arrays obtained
from rapid-anodic oxidation exhibited well-ordered tubular struc
tures with the idealized hexagonal tubular structures, as consistent
to Shankar et al. [7]. Scheme 1 illustrates the idealized geometric
of nanotube arrays with the inner diameter (D),wall thickness (w),
interpore void (v) and interpore distance (a). The aspect ratio (AR)
was evaluated from the ratio between the nanotube length (L) and
the outer diameter ofnanotube arrays (D+2w) and listed in Table 2.
Furthermore, the geometric surface areas (G) of nanotube arrays
were also calculated according to Eq. (1).
C =
4;rL(D + w)
>/3(D + 2w)^ + 1 (1)
The resulting nanotube arrays exhibited high aspect ratio of ~141
and specific surface area of ~903. The exceed amount of 0H~ ions
in the electrolyte containing 1.5 M KOH impeded the ionic trans
port through a thick barrier layer [13] and eventually lowered the
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Fig. 3. FE5EM images ofthe arrays prepared inEC electrolytes containing0.5wt^ ofNH4Fand (a) 1wt% ofH2O. and 1wi% ofKOH with (b) 0.5 M.(c) 1.0 Mand (d) 1.5 M. The
insets show the cross-sectional morphologies.
growth rate to ~117 nm min"'. It isclearlyseen that the nanotube
arrays obtained from EG electrolyte containing 1 wt%of 1.0 MKOH
exhibited relatively lower interpore voids than others, indicating
the formation of well-defined nanotube arrays. This can be con
cluded that the use of 1 wt% of 1.0 M KOH as an oxidizing agent
provides the equilibrium electrochemical oxidation and chemical
dissolution, which allows the formation ofwell-defined TiOj nano
tube arrays with high aspect ratio and specific surface area.
Raman spectroscopy was used to investigate the influence of
KOH additives on the crystal structure of as-grown nanotube arrays
and heat-treated nanotube arrays. Fig.4A clearly reveals the dom
inant peaks located at ~144, 195, 399, 513, 519, and 639cm"\
corresponding to the phonons in anatase 7102 structure. In par
ticular. the tetragonal structure of anatase with 04^ space group
I Cl »
Scheme 1. Idealizedgeometric relationships in hexagonal nanotubular arrays.
(/41/arnd) has six Raman active modes Aig+2Big+3Eg; three Eg
modes locatedat~144,196 and 639cm"'. two Big modesat ~399
and 519cm~'. and a modeofAig symmetry at 513cm~' overlap
ping with the Big mode at 519cm-' [21]. The presence of these
peaks confirms the formation of anatase structure in as-grown
nanotube arrays formed in ECelectrolyte containing KOH while the
one derived from EG containing H2O exhibited amorphous struc
ture. Several authors have suggested that Eg mode is sensitive to
oxygendeficiency, and it has been known that the shiftof the peak
positions and peak broadening correspond to the changes of sur
face oxygen deficiency [22,23].The redshift of dominant Eg mode
at 144cm"' and the decrease in band broadening were observed
from nanotube arrays formed in EC electrolyte containing 1.0 M
KOH (the inset in Fig. 4A). This implies the formation of anatase
crystallites inas-grown nanotubearrayswith highcrystallinity and
fewer oxygen vacancies (Vq") [22]. The crystallinity of nanotube
arrays increased significantly after subjection to heat treatment at
400=C. as seen by sharp intense peaks at 197 and 144cm"' aris
ing from the bonds in the octahedron chains [24]. This reveals the
essential of the heat treatment process for the formation of anatase
crystallite in nanotube arrays derived from EG electrolyte contain
ing H2O. Theformationof anatase structure in as-grown nanotube
arrays can be explained bya solid-state reaction mechanism.All the
structures in Ti02 are built up of TiOe^" octahedra. which shares
corners and edges in different manners, resulting in the formation
of different structures [25]. The exposure of amorphous nanotube
arrays into the OH-rich medium induces the bridging between sur
face OH groupsofdifferentTiOs^" octahedrausingtwolonepairsof
e~ on the oxygen, which shared a common vertex. The dehydration
subsequently occurs, and the structure of two TiOg^" octahedra
sharing one edge is formed, as shown in Scheme 2.
The TEM image of heat-treated nanotube arrays presents ran
domly oriented interplanars (Fig. 5a), revealing the presence of
polycrystalline structure [26]. The interplanars spacing of~3.49 A
reflecting the d-spacing of(l 01) crystallographic plan in anatase
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Fig. 4. Raman spectra of(A) as-grown nanotube arrays and(B) heat-treated nano-
tubearrays prepared in EG electrolytes containing 0.5 wt^ of NH4F and (a) 1wt%
ofH20.and 1wt%ofKOH solution with (b)0.5M. (c) I.OMand (d) 1.5 M.The Inset
showsthe Raman peakshift in the rangeof 100-250cm-'.
crystallites was clearly observed (Fig. 5b), confirming the for
mation of anatase crystallites. The presence of Debye-Scherrer
rings in selected areaelectron diffraction pattern (SAED) patterns
evidenced the formation of anatase crystallites, as observed by
Djerdj andTonejc [27). This confirms thepresence ofanatase TiOz
nanocrystallite without the existence of rutile structure.
The photoelectrochemical properties of nanotube arrayswere
determined by the I-V transient undersimulated solarirradiation
and shown in Fig. 6A. The result clearly shows theJp of-0mA cm-2
under dark condition and of ~3-5mAcm~^ under illumination,
indicating superior photocatalysis ofTi02 nanotube arrays. Photo-
conversion efficiency (r?) that is the lightenergytochemical energy
conversion efficiency, wassubsequently calculated via Eq. (2)[7,28]
H
)4lQ1- /105
j • 204]
t .*• 'piJ ft *. •'« i-
Fig. 5. (a)TEM and{b) HRTEM images ofheat-treated nanotube arrays prepared in
EC electrolyte containing 0.5wt% ofNH^Fand 1wt%of l.OM KOH.The insetshows
the SAED patterns.
and plotted in Fig. 6B:
_ / total power output - electrical power input \ ^
^ ~ \ light power input )
xlOO (2)
where jp is inmAcm-^, and isthestandard reversible poten
tial for water splitting(1.23 V/NHE). The applied potential (Eapp)
is the difference in the electrical potential (vs. Ag/AgCl) of the
working electrode under illumination (Emeas) and the same elec
trode underopencircuitconditions (Eaoc) 113|. As-grown nanotube
arrays obtained from EG electrolyte containing 1wt% of1.0 MKOH
exhibited low jpof -200 p-Acm-^ with rj of -0.1%. The improve
ment ofcrystallinity byheat treatment process greatly influenced
the photoelectrochemical properties, resulting in the increase injp to-5.0mAcm-2 ^ith rj of-2.5%. This indicates the significant
roleof heat treatment process on the photocatalytic properties of
Jo\
H H H H
Scheme2. Theformation ofanatase structure inTiOj viasolid-state mechanism.
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Tables
Comparison of thejp fornanotubearrayswith differentcharacteristics under simulatedsolar irradiation.
Nanotube length (p.m) Lightintensity (mWcm"^) Heat treatment conditions
Temperature ("C) Time(h) Atmosphere
Jp Ref.
3.0 130 500 2 Ar 2.5 (51
0.7 100 450 1 Air 0.6 112)
2.0 0.7
2.7 0.8
3.3 0.9
4.0 110 350 1 O2 5.0 [28]
450 5.8
550 5.1
650 2.5
173 100 400 4 Air 43 This work
19.6 4.6
21.2 5.0
7.0 3.5
nanotube arrays. It is noticeable that the nanotube arrays prepared
in EG electrolyte containing 1wt% of 0.5 and 1.0M KOH exhib
ited relatively higher photoelectrochemical properties than that
formed in EG electrolyte containing H2O. This phenomenon can
be explained through the light penetration and charge diffusion
behavior in nanotube arrays with different characteristics. High
aspect ratio nanotubes could absorb more hv [29], resulting in the
increase in thejp and rj. Furthermore, highgeometric surface area
allowed a larger number of photogenerated h*to react with OH" in
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
Potential A/ vs Ag/AgCI
11111111111111 (111111111111' 111''' I'''' I'''' I'''' I
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B
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1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
Potential A/ vs Ag/AgCI
Fig. 6. (A) jp transient curves and(B) rj curves of(a)heat-treated nanotube arrays
prepared inEG electrolyte containing 1wt% of1MKOH underdarkcondition, andof
(b)as-grownnanotubearraysobtainedfromthesameconditionunderillumination,
as well as of heat-treated nanotube arrays prepared in EG electrolytes containing
0.5wt%of NH4F and (c) 1wt% of H2O, and 1wt%of KOH with(d) 0.5 M,(e) 1.0Mand
(f) 1.5 M under illumination.
the electrolyte [5,28], In addition, the nanotube arrays with thick
walls allow the formation of space charges. The potential barriers
are created near both the inner and outer surfaces of nanotubes
by the bending of the conduction band and valence band. These
barriers inhibit the e~ transfer into the redox couples in electrolyte
and thus facilitated the photoelectrochemical reaction [30]. Amax
imumjpof5.0mA cm~^ andthe rj valueof2.5% wereobtained from
nanotube arrays formed in EGelectrolyte containing 1 wt%of 1.0 M
KOH. The significant decrease in the jp and rj for nanotube arrays
prepared in EG electrolyte containing 1wt%of 1.5M KOH under
lines the essential of structural characteristics of nanotube arrays,
as short nanotubes with thick walls and small pore size are unable
to efficiently absorb the hv [29]. However, the difference in the
jp is strongly dependent on several factors, such as the structural
characteristics and crystal structure of nanotube arrays, and mea
suring conditions, e.g., the light intensity and electrolyte type [31],
as detailed in Table 3.
The significance of KOH addition on the photoelectrochemical
properties was further confirmed by the quantum efficiencyunder
different wavelength of incident light. The incident photon con
version efficiency (IPCE) was subsequently determined by; IPCE
%=(1240jsc/M)>< 100%, where jsc is the wavelength dependent
photocurrent density (mAcm~^), /j is wavelength dependent
intensity of incident light(mWcm~^), and A. is the wavelength of
incident light [32]. Fig. 7 clearly shows the presence of a sharp
intense peak in the UV region at ~320-340 nm, and a minor peak
over the range of 600-800 nm. This implies the visible-light
absorption characteristic of nanotubes containing carbon
5C0. 600 ,700
Wavelength /nm
300 400 500 600 700 800
Wavelength /nm
Fig.7, IPCE curves of heat-treated nanotube arrays prepared in EG electrolytes con
taining 0.5wt% of NH4F and (a) 1wtX of H2O, and (b) 1wt« of KOH with 1.0M.The
inset shows the enlarged curves in the range of 400-800 nm.
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Table 4
Vn> and Na ofnanotube arrays prepared inEG electrolytes containing 0.5 wt% ofNH4F and 1wt% ofH2O, and different concentrations ofKOH
Factors Oxidizing type/KOH content
H2O 0.5 M KOH l.OMKOH 1.5 M KOH
Vn,(V)
Nd(cm-')
1 00
0
-0.59
6.4x10"
-0.67
7.5 X 10"
-0.59
5.4 X 10"
impurities, as in agreement with those reported by Xu et al.
[311 andShankar et al.[33]. However, the IPCE valueis dependent
on several factors, e.g., bias potential, nanotube length and their
crystallinity [31,33). It isnoteworthy that the transition at ~1.82eV
derived from the IPCE peak at 680 nm is sufficient to split water
at~1.23eV. For instance, the unavoidable losses of at least 0.4 eV
corresponding to the overpotentials at electrodes during water
splitting must take into account [34]. These indicate that the
photoelectrodes can be used to split water efficiently. The results
infer that nanotube arrays with large pore size and high geometric
surface area prepared in EG electrolyte containing 1wt% of 1.0M
KOH could absorb more hv. thereby producing higher number of
charge carries.Thequantitative analysis of photogenerated charge
carriers will be presented in subsequent section.
It is well-known that the chemical reactions at the photo-
electrode/electrolyte interface play an essential role to determine
photoelectrochemical efficiency of the photoelectrode.Therefore,
the chemical reaction at the photoelectrode/electrolyte inter
face was further investigated by Mott-Schottky (MS) using an
impedance analyzer. The capacitance was calculated using the
equation,C=1/2-17/2" and plotted in Fig. 8.Theoretically, when the
semiconductor is under depletion condition, the variation of space
chargecapacitance with the potential can be describedas follows
[35,36];
where eis the electronic chargeunit (1.6 x 10^® C), sq is the permit
tivityofthefree space charge (8.86 X10"'^ Fm~^),e isthedielectric
constant of anataseTi02 (48 Fm"^), Nj is the charge carrier density
(cm~^), Visthe appliedpotential(V), and Vn, is the flatbandpoten
tial (V). The Vfb corresponds to the situation in which no charge
accumulation occurs in the semiconductor, and the energy bands
^'.4 ' ' ^.2 ''' (
Potential A/ vs Ag/AgCI
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Fig. 8. MS spectra ofheat-treated nanotube arrays prepared inEG electrolytes con
taining 0.5 wt% ofNH4F and (a)1wt% ofH2O. and 1wt% ofKOH with (b) 0.5 M. (c)
1.0Mand(d)1.5M. The insetshows theeniarged spectra in the -0.9 toOV range.
showno bending. The equation shows that when C"^ is zero, the
x-axis intersection is equal to Vg,. The Vfi, of nanotube arrays pre
paredinEG electrolytecontainingKOH shiftedpositively toahigher
potential, implying the deficiency of surface states and Vq". The
presenceofsurfacestates and Vq" innanotubearraysformed inEG
electrolyte containing H2O act as charge carrier recombination cen
ters or trapping states, and eventually lower the/p value.Although
previous studies [35,37] claimed that Vn, is proportional to the
surfacestates and Vq". several factors, such as the crystallographic
structure and form of electrode (i.e., thin film, single-crystal, or
polycrystalline ceramic) alsogreatly affect the Vm [38]. Therefore,
to make a definitive conclusion on the charge distribution at the
photoelectrode/electrolyte interface, charge carrier density (Nj)
must be taken into consideration. The can be determined from
the slope of the linear region using Eq. (4) [35,39] and detailed in
Table 4.
Nd = -
dO/cf
dV
-1
(4)
Table4 reveals the significantincrease in the number of for
nanotube arrays prepared in electrolytescontainingKOH, indicat
inghigherchargecarrierdistribution. Theincreased Nj is ascribed
to the increased contact area between the photoelectrode and
electrolyte. The finding is consistent to the IPCE result, indicating
the great influence of KOH addition to the electrochemical prop
erties of nanotube arrays. Besides the structural characteristics,
several authors have been suggested the significant contribution
of adsorbed-potassiumspecieson the photoelectrochemical prop
erties [16,40].
The presence of potassium species on the nanotube arrays was
investigated by XPS and shown in Fig. 9. Nanotube arraysformed
in EG electrolyte containingH2O clearlyshows the bindingenergy
bands located at ~284.3 and 288.5eV,corresponding to spin orbital
components of an adventitious carbon and adsorbed-carbonate.
The adsorbed-carbon species partially diffused into the crystal
structure to form Ti—C—O bond [2,41], resulting in the presence
of a shoulder at 286.1 eV. The formation of nanotube arrays in the
OH-rich environment of EG electrolyte containing KOH facilitated
the diffusion of carbon species into the structure of Ti02. as seen
by a larger shoulder as compared to that formed in the absence
of KOH. Moreover, additional binding energy of K2p bands aris
ingfrom adsorbed-potassium species werealsodetectedat ~292.7
and 295.5eV. The difference binding energy between K2pi/2 and
K2p3/2 spin orbits of~2.8 eV confirmed the presence ofpotassium
species, consistent with that reported by Richter et al. [16]. The
increase in the peak intensities in nanotube arrays formed in EG
electrolyte containing a higher concentration of KOH translates
the higheramount of adsorbed-potassium species. Theadsorbed-
potassium was found to decrease when the KOH concentration
increased to 1.5 M. This is due to the relatively low surface area
of short nanotubes with thick walls and small pore size to yield
the adsorption of potassium species. Richter et al. [16] reported
that adsorbed-potassium greatly affected the photoelectrochemi
cal propertiesofTi02nanotube arrays bystronge~donation nature.
The adsorbed-potassium species on the surface of nanotubes were
ionized by the donation of e~ from the K45 orbital to the Ti3d state
of Ti02 [16.40,42] and thus resulted in a larger number of N^.This
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Rg. 9. XPS spectra of K2pand Cls of the heat-treated arrays prepared in EG elec
trolytes containing 0.5wt%of NHjFand (a) 1wt%ofH20, and 1wt^ofKOH with(b)
0.5M.(c) 1.0M and (d) 13 M.The inset shows the high resolution XPS spectrum of
nanotube arrays prepared in EG electrolyte containing 0.5wt%of NH4F and 1wtXof
l.OM KOH.
eventually contributed to the greater photoconversion efficiency
over Ti02 nanotube arrays without the existence of potassium
species.AmaximumNa of 7.5 x 10^' was achievedfrom nanotube
arrays formed in EG electrolyte containing 1wt%1.0 MKOH, which
is relatively higher than literatures [39,43). The measurement of
H2 evolution under simulated solar irradiation is crucial to deter
mine the potential of nanotube arrays for photoelectrochemical
water splitting. The efficient separation of both H2 on the Pt elec
trode in the cathodic compartment, and O2 on the Ti02 nanotube
arrays in the anodic compartment was observed during H2 evolu
tion measurement. Fig. 10 clearly shows the linear increase in the
volume of evolved H2 with increasing irradiation time. Nanotube
arrays formed in EG electrolyte containing 1 wt% H2Oevolved H2
with the evolution rate of ~467 p,Lmin~' cm~^. Nanotubearrays
with high aspect ratio and specific surface area formed in EG elec
trolyte containing 1 wt%of l.OM KOH yielded a higher number of
excited hv and produce a larger number of photogenerated charge
carriers. This resulted in the rapid transport of charge carriers
to react with OH" in the electrolyte. The significant enhance
ment of the evolution rate to ~658 p,Lmin~' cm~^ was achieved
20 30 40 50 60
Time /min
Fig.10. H2evolution of heat-treated arrays prepared in EG electrolytes containing
0.5wt%of NH4Fand(a) 1wt5K of H2O. and (b) 1wt%of l.OM KOH.
by the use of nanotube arrays prepared in EGelectrolyte contain
ing 1 wt:% of l.OM HOH. This is because of the greater capability
to harvest the hv excitation and produce larger number of pho
togenerated charge carriers. The photogenerated h* subsequently
reacted with the OH species at the photoelectrode/electrolyte inter
face through the reaction: 2H2O+2h* -* O2+4H* thus inducing H2
evolution at the Pt electrode via the reaction: 2H*+2e~ ^ H2 [28].
The findings clearly reveal the possibility to obtain carbon and
potassium-embedded Ti02 nanotube arrays by anodic-growth in
the electrolyte containing KOH. Moreover, this approach allows the
rapid growth of nanotubes with different structural characteristics
through the simultaneous control of electrochemical oxidation and
chemical dissolution, thereby enhancing the photoelectrochemical
properties.
4. Conclusions
The anodic growth of Ti02 nanotube arrays in EG elec
trolyte containing KOH allowed the formation of carbon and
potassium-embedded Ti02 nanotube arrays. Moreover, the growth
of Ti02 nanotubes in the OH-rich environment induced the
formation of anatase structure in as-grown nanotubes. The incor
poration of lwt% of l.OM KOH into EG electrolyte enabled
the equilibrium growth of nanotube arrays with the growth
rate up to ~353nmmin~^ High aspect ratio carbon and
potassium-embedded Ti02 nanotube arrays exhibited superior
photoelectrochemical hydrogen generation with an evolution rate
of~6583 p.Lmin~' cm"^and q of ~2.5%.
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Low-temperature crystallization of Ti02 nanotube arrays via hot water treatment
and their photocatalytic properties under visible-light irradiation
Warapong Krengvirat^-^ Srimala Sreekantan^-*, Ahmad-Fauzi Mohd Noo^^ Nobuaki Negishi^
Go Kawamura^ Hiroyuki Muto*^, Atsunori IVIatsuda* '^**
'School of Materials and Mineral Resources Engineering;EngineeringCampus. Unlversiti Sains Malaysia, Penang 14300,Malaysia
I^nstitutefor Environmental Management Technology, National Institute ofAdvanced, Industrial Science and Technology, TsuRuba, Ibaraki 305-8569, Japan
Department of Electrical and Electronic Information Engineering. Toyohashi University of Technology, Aichi 441-8580, Japan
HIGHLIGHTS
Visible-light responsive TiOa nanotubes were crystallized by immersion into hot water.
• Temperature and exposure time determined the crystal growth and surface defect.
• The presence of surface-active site contributed to a higher photocatalytic activity.
• The product exhibited remarkable photo-degradation under visible-light irradiation.
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This work demonstrates the facile method to crystallize Ti02 nanotube arrays by simple immersion of
amorphous TiOi nanotube arrays into hot water at -70-90 °C under ambient pressure and neutral pH.
Hot water treatment induced the transformation of smooth nanotubes walls to granular anatase Ti02
nanoparticles. Higher treatment temperature and longer exposure time promoted the growth of anatase
Ti02 nanocrystallites. and also lowered number of oxygen vacancies (V^*). Furthermore, it allowed the
adsorption of hydroxyl (OH) speciesand H2O as well as the generation of the surfacestate, ca.,Ti'"*". The
presence of interstitial carbon species and surface states enabled the visible-light absorption.
The adsorbed OH species and H2O stimulated the photocatalytic oxidation by instantaneous reaction at
the surface of nanotubes. Anatase Ti02 nanocrystallites formed by hot water treatment at 90 "C for 3 h
exhibited efficient photocatalytic removal of dyes under visible-light irradiation with the decomposition
rate of -11% h"'. which is relatively higher than that of heat-treated arrays (-9% h"'). The results
indicate the potential of hot water treatment for the formation of anatase Ti02 nanocrystallites with
efficient photocatalytic properties.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Titanium dioxide (Ti02) exhibits excellent photocatalytic
activity, and it has been extensively used in various applications,
e.g., photovoltaics devices, pollutant decomposition and antibac
terial materials [1.2]. An ideal structure that possesses large specific
surface area and strong absorption capacity, so-called nanotubes.
has recently been attracting considerable interest for the devel
opment of efficient photocatalysts [3.4]. Anodic oxidation is the
only method that allows the formation of well-aligned nanotube
• Corresponding author. Tel.: +60 4599 5255; fax: +60 4594 1011.
•• Corresponding author Tel.: +81 532 44 6799: fax: +81 532 48 5833.
E-moiJ addresses;warapong001@hotmail.com. srimala@eng.usiTi.my(S.Sreekanran).
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arrays. It offers a great ability to determine the structural charac
teristics of nanotubes by controlling synthesis parameters,
including electrical potential, exposure time, as well as electrolyte
type and chemical composition [5,6). Although nanotube arrays
exhibit unique properties, high temperature processes are required
for the formation of anatase crystallites [2.7]. High crystallization
temperature of anatase Ti02 induces the formation of thick barrier
layer, thereby lowering the photocatalytic activity by the recom
bination of charge carriers. Furthermore, it hinders the integration
of Ti02 nanostructures with polymeric substrates or temperature-
sensitive devices [8]. Therefore, a potential aspect to broaden its
wide-spread use is to lower the crystallization temperature. We
have suggested a facile method for the crystallization and densifi-
cation various types of metal oxides, such as Si02—Ti02 [9—11] and
Zr02 nanoparticles [12] as well as Ti02 thin films [13] by hot water
Author's personal copy
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treatment. The products showed superior characteristics, e.g.,
improved photocatalyticactivity,optical properties and wettability.
Several authors suggested that the adsorbed hydroxyl (OH)species
on the surfaces of photocatalyst could enhance the photocatalytic
activity [14—16]. These infer the prospect to form anatase crystal
lites with high photocatalytic activity in OH-richmedium. Liao et al.
[17] recently demonstrated the crystallization of amorphous Ti02
nanotubes using hot water treatment at 92 °C for 20 h. The
obtained sample exhibited efficient UV photocatalytic oxidation
similar to that of commercially available P25 Ti02 nanoparticles.
The use of high energy UV light is not only costly,but also can be
hazardous [18]. Moreover, the influence of hot water treatment on
the chemical reaction, crystallography, as well as chemical state
and electronic state and of the arrays remains to be determined. In
this work, the significance of hot water treatment on the crystal
lization of Ti02 nanotube arrays was investigated. The formation
mechanisms and visible-light photocatalytic activity of hot water-
treated Ti02 nanotube arrays were assessed.
2. Experimental
TiC)2 nanotube arrays with a length of —15 pm were anodically
formed in ethylene glycol (EG) electrolyte, containing 0.5 wt% HN4F
and 1 wt% water at 60 V for 1 h [19]. As-grown arrays were
immersed into hot deionized water with neutral pH (Advantec
Aquarius RFD230NA, Japan)at 40-90 "Cfor 1-12 h,and then dried
at room temperature (~23 °C) under ambient pressure. For
comparison,as-grown arrays were also treated in dry air at 90 "C
for 3 h, and in water vapor at 90 °C and 95 RH% for 3 h (ETAC
Labonic SDOl, Japan). The crystal structure of the arrays was iden
tified by X-ray diffraction (XRD, Bruker DB-Discovery, Germany)
with a Cu fea radiation source (A = 1.54056 A) in the range of
10® <28 < 90°. The crystallite size was subsequently determined
based on the Scherrer equation. Surface and cross-sectional
morphologies of the arrays were observed via field-emission
scanning electron microscope (FESEM, Hitashi S4800, Japan)
operating at 5 kV. The crystallographyof the nanotubes was further
investigated using a high-resolution transmission electron micro
scope (HRTEM, JEOL JEM-2100, Japan) operating at 200 kV. Fourier
transform-infrared spectroscopy (FTIR, Agilent Technology Varian,
Japan) was used to investigate the chemical structure. X-ray
photoelectron spectroscopy (XPS) was performed on a PHI Quan-
tera SXM scanning X-ray microprobe (ULVAC-Phi, Inc.,Japan) using
an Al cathode (hp = 1486.6 eV) under a base pressure of
5 X 10"® Torr and an X-raysource with 100 W power. 26 eV pass
energy, and 45° take-off angle. Survey scans were performed
over 0-1200 eV. The core level energies of CTs, 01s and Ti2p
spectra were subsequently recorded through focused scans. The
XPS spectra were further deconvoluted via Gaussian—Lorentzian
♦Anatase
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curve-fitting using the MultiPak software V. 9.0 (ULVAC-Phi. Inc.,
Japan). The spectra were calibrated by setting the Cls peak for
adventitious carbon at 284.6 eV. The crystal structures of the
nanotubes were identified by the molecular vibration using a laser
Raman spectrometer Qasco NRS-3100, Japan) in the 60—1180 cm"'
range, at an excitation wavelength of 532 nm generated by an Ar
ion laser. The scattered light was collected in the back-scattering
mode. A monochromatic beam with 325 nm wavelength gener
ated by a He-Cd laser (Kimmon,Japan) was used to irradiate the
arrays, and the resulting photoluminescence (PL) was recorded in
the range of 350 nm—800 nm using a monochromator (Nikon
G250, Japan). Specific surface area measurements were carried
out according to the Brunauer—Emmett—Teller (BET) method
with a Micromeritics TriStar 11 3020 adsorption analyzer (Micro-
meritics Corp., USA) at 77 K. In this experiment, krypton was used
as an adsorbate because of the low quantities of samples. The
ultraviolet—vis light absorption spectra were measured with V-670
ultraviolet/visible spectrophotometer(UV/vis,Jasco,Japan) at room
temperature (~23 ®C) over the range of250—800 nm using barium
sulfate (BaS04, Wako, Japan) as reference. Degussa P25® Ti02
powder was used for comparison. The recombination of charge
carriers was examined by the photocurrent Op) transient under
interrupted light with a bias potential of 03 V.Ti02 photoelectrode
with surface area of ~l cm^ Pt electrode and silver chloride
electrode (Ag/AgCl, Metrohm, The Netherlands) were connected to
a potentiometer (Metrohm pAUTOLAB 111, The Netherlands) to serve
as anode, cathode and reference electrodes, respectively, and then
fixed in a quartz cell filled with 1 M potassium hydroxide (KOH,
System, Malaysia). Alight beam with anintensity of~80 mW cm~^
generated by a solar simulator (Zolix LPX150, China) was focused
on the immersed portion of Ti02 photoelectrode. The jp value
resulting from light irradiation was recorded at consistent intervals.
The photocatalytic activity was examined by the exposure of
nanotubearrayswith 1 cm^surfacearea to 50 mL methylene blue
solution (MB, Wako, Japan) under visible-light irradiation (380—
720 nm)with ~100 mWcm~^ intensity (Hayashi Me-180, Japan)
for 1—5 h. P25 Ti02 aqueous dispersions with the ratio of
100 mg:50 mL were used for comparison. The residue concentra
tion of MB was determined by measuring its absorbance at
-663 nm using V-560 ultraviolet/visible spectrophotometer (UV/
vis,Jasco, Japan). The photocatalytic degradation (PD) was evalu
ated from the expression: PD= (1 - (C/Co)) x 100%, where Co is the
concentration of pristine MB (~ 20 ppm) and Cis the concentration
of MB after irradiation.
3. Results and discussion
As-grown arrays clearly showed the dominant peaks arising
from Ti phase (Fig. lA), implying the presence of amorphous
B ♦Anatase
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Hg.l. (A) XRD patterns of(a) as-grown arrays, and ofthe arrays after treated by hot water at90 "C for (b) 1. (c) 3. (d) 6and (e) 12 h. (Bj XRD patterns of(a) as-grown arrays, and of
the arraystreated by (b) dry air and (c) water vaporat 90 for3 h.
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Structure [17]. Hot water treatment induced the structural change
•from amorphous structure to anatase structure, as revealed by the
presence of peaks at '-'25.4'', 37.9°, 48.1°, 54.0°, 55.1° and 62.8°.
This manifests the crystallization of anatase Ti02 by a facile
immersion of the arrays into hot water. Yanagisawa et al. [20]
suggested two mechanisms for the crystallization of anatase Ti02
in the presence of water; 1) solid-state mechanism and 2) disso
lution precipitation mechanism. The significance of water on the
crystallization of anatase Ti02 was examined by the treatment of
arrays in hot air and water vapor at 90 °C for 3 h. Hot air-treated
arrays exhibited similar diffraction pattern to as-grown arrays
(Fig. IB). This is due to the fact that anatase Ti02 crystallites ther
mally nucleate at temperature higher than 280 °C [21]. The domi
nant peaks arise from anatase crystallites were detected from water
vapor-treated arrays. This evidences the crystallization of anatase
Ti02 crystallites via solid-state mechanism. The adsorbed water on
amorphous oxide induces the rearrangement ofTioi" octahedral
units, resulting in the dramatically crystallization of anatase
crystallites [17,20,22]. On the other hand, the growth of anatase
crystallites under hydrothermal condition of hot water treatment
involves the dissolution precipitation. The precipitate dissolves
gradually into the water, and consequently forms gel. The sol-gel
formation subsequently induces the arrangement of arbitrary
bonds in precipitation process toward the defined structure of
anatase crystallites [9,10,17].The results indicate the essential role
of water on the crystallization of anatase Ti02 crystallites. The XRD
patterns show sharp and intense peaks at longer exposure time,
indicating the increase in degree of crystallinity and the crystallite
size. The exposure of the arrays to hot water for 1 h allowed the
formation of anatase Ti02 crystallites with the crystallite size (D) of
4.19 nm, as determined by the Scherrer formula: D = k^/C/S cos 8),
where Xis the X-ray wave length, j8 is the full width half maximum
(FWHM) of the (101) peak, 6 is the Bragg diffraction angle, and k is
a correction factor of 0.89 [23,24]. The D values increased to 4.33,
4.91 and 5.03 nm by increasing exposure time to 3, 6 and 12 h,
confirming the significance of hot water treatment on the growth of
anatase Ti02 crystallites.
The influence of hot water treatment on the formation of
anatase Ti02 crystallites was further investigated by Raman
spectroscopy. Raman spectrum of as-grown array confirmed the
presence of amorphous structure (Fig. 2A), as conformed to the
XRD result Hot water-treated arrays exhibited dominant peaks
positioned at '-144, 196, 399, 513, 519, and 639 cm"\ corre
sponding to the phonon modes of anatase Ti02 structure. In
particular, the tetragonal structure of anatase with D4h space
group (/4j/omd) has six Raman active modes Aig + 2Big + 3Eg:
three Eg modes locatedat ~ 144,197and 639 cm , two Big modes
at -399 and 519 cm~\ and a mode ofAig symmetry at 513 cm"^
Raman shift cm
Raman shift/cm
overlapping with the Big mode at 519 cm"' [23]. This confirms the
formation of well-crystallized anatase Ti02 in hot water-treated
arrays. It is noticeable the increase in the peaks intensities with
longer exposure time. This infers a great influence of exposure
time on the crystallite size, as agreed with the XRD result and
literature [24]. The crystallization behavior was also investigated
by hot water treatment of the arrays at different temperatures.
Fig. 2B clearly shows that the peaks intensities are proportional to
temperature, corresponding to the evolution of anatase crystal
lites. Well-crystallized anatase Ti02 crystallites were formed by
hot water treatment at 70—90 °C. The results reveal the essential
of treatment temperature and exposure time on the crystallization
of anatase Ti02 crystallites. Several research groups suggested that
Eg mode is sensitive to the oxygen deficiency, and it has been
known that the shift of the peak positions and peak broadening
correspond to changes of surface oxygen deficiency [25.26]. The
redshiftof Eg mode positioned at 144 cm"' and decrease in band
broadening were observed from the arrays treated at longer
exposure time (inset in Fig. 2A) and higher temperature (inset in
Fig. 2B). These manifest the formation of anatase Ti02 crystallites
with high crystallinity at higher temperature and longer exposure
time [27], leading to fewer oxygenvacancies (Vq*) on the surface
of the crystal lattice [17,25]. Besides, the shift of Eg mode suggests
the presence of size effect in the hot water-treated arrays [23,24].
The redshift of Eg mode at longer exposure time and higher
treatment temperature translates the increase in the particle size
through the crystal growth.
Photoluminescence spectroscopy (PL) was used to confirm the
presence of structural defects in hot water-treated nanotubes. Ti02
nanotube arrays that underwent heat treatment at 400 °C for 4 h in
air were used for comparison. Fig. 3 clearly depicted the PL emis
sion bands in the range of 400—800 nm. The visible emission is
attributed to the radiative recombination of self-trapped excitation
localized on TiOe octahedron, which resulted from the interaction
of the e" located in the Ti3d states with the h"*" in the 02p state, as
usually observed in titanate containing materials [28]. Zhang et al.
[29] examined the influence of the grain size ofTi02 nanoparticles
on the PL emission band characteristic, and found that the grain
size did not affect the peak intensity and position. However, the
surface states related toTi''^ , Ti^^, Ti^^ and V^* can significantly
affect the peak intensity and position. In this work, the visible
emission is likely facilitated by the interstitial carbon in nanotubes.
The surface C2p state that occupied between Ti3d state and 02p
state can act as carrier recombination center [30], which will be
discussed in subsequent section. Heat-treated nanotubes exhibited
an emission band centered at —533 nm. Hot water treatment
induced the redshift of emission band to —540 nm. This resulted
from the presence ofsurface states,e.g., andTi^"*" induced byhot
Ranun Slut ton
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Rg.2. [A] Raman spectra of(a)as-grown arrays, andofthearrays after treated byhotwater at90"C for (b)1. (c)3.(d)6and(e)12 h.|B|Raman spectra of(a)as-grown arrays, and
ofthearrays treated by hotwater at (b)40, (c) 50, (d) 60, (e)70, (f)80and (g) 90"C for 3 h. theinsets show the Raman peak shift inthe range from 100 to250 cm"'.
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Fig. 3. PL emission spectra of(a)thearrays after treated by hotwater at90-Cfor 3 h.
and of (b) the arraysheat treated at 400 °Cfor 4 h in air.
water treatment. Moreover, the exposure of the Ti02 nanotube
arrays to water could induce the formation of hydroxyl-oxide
(Ti-OIl). and eventually promoted the visible-light absorption, as
explained by Konstantinova et al. [31j.
Fig. 4a-e presents surface and cross-sectional morphologies of
as-grown array and hot water-treated arrays. As-grown arrays
exhibited well-aligned tubular structure with a smooth wall,a pore
size of -80 nm. and wall thickness of -15—17 nm (Fig. 4a).
consistent to those reported previously [3,6). Hot water treatment
led to the growth of homogeneous granular nanoparticles on the
nanotubes walls (Fig. 4b). The number of nanoparticles Increased
with increasing exposure time (Fig. 4c—e). Longer exposure time
'f*A ♦ i
dominated the crystal growth, as revealed by the slight increase in
the particle size. This observation conformed to the redshift of Eg
mode. Rapid hydrolyzation in the presence of water could generate
the defect sites on the Ti02 surface, and consequently promoted the
transformation from amorphous to anatase structure [25]. The
anatase crystallites therefore grew rapidly through solid-state
epitaxial growth of the amorphous, and became subsequently
exhausted upon increasing treatment time [20].This is clearly re
flected by the change in the BET specific surface area. The BET
specific surface area of as-grown arrays was found as 26.67 g'l
Hot water treatment as short as 1 h induced the growth of granular
nanoparticles on the nanotubes walls, resulting in significant
increase of the BET specific surface area to 68.82 m^ g~\ This is
significantly higher thanthatreported previously andP25Ti02 [17].
The BETspecific surface area increased significantlyto 97.19.104.76
and 110.89 m^g"' after increase the exposure time to 3,6 and 12h.
Thisshows the rapid formation of anatase Ti02 nanoparticles and
the reduction of growth rate upon increasing exposure time. It is
noticeable that the nanotube arrays treated by hot water for 6—12 h
are covered by granular nanoparticle, which would eventually
affect the photocatalytic activity.
The TEM images clearly showed the presence of high homoge
neous granular nanoparticles in the arrays, while the tubular
structure remains unchanged (Fig. 5a).The cnmhinatinn of tubular
and particulate structuresoffers advantages fordye-sensitized solar
cell (DSSC) applications by integrating heat treatment [32]. Rough
surface and largesurface area of hot water-treated arrays allow the
infiltration of dyes and electrolyte. Furthermore, tubular structure
provides vectorial pathways for photogenerated charge diffusion
[17.32]. The HRTEM image manifested random orientation of
interplanars. indicating the presence of polycrystallite structure
(Fig. 5b).Thecrystallitesizewasobservedasapproximately 3—5 nm.
The presence ofaninterplanar spacing of —3.5 Aarising from thed-
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Fig. 5. (a) TIM and (b) HRTEM images of the array after treated by hoc water at 90 -C for 3h. The inset shows Che SAED patterns.
spacing ofthe (101) plane in anataseTiOa [2,10,11,33] confirmed the
formation of anatase Ti02 crystallites after subjected to hot water
treatment. The reflection ofpolycrystalline anatase Ti02 resulted in
several weak Debye-Scherrer rings (insetin Fig. 5b). consistent to
literature 19]. These results reveal the essential role of hot water
treatment on the formation of anataseTi02nanocrystallitcs.
The influence of hot water treatment on the chemical structure
was investigated by FTIR. and the results are shown in Fig. 6.
Stretching vibrations consistent with aliphatic amines (-C-NH2)
and amino acids (-NH3) were detected from as-grown array at
1461 and 1072 cm-^ respectively, corresponding tothepresence of
abyproduct: ammonium titanium hexafluoride [(NH4)TiF6] [1934].
This is confirmed by the vibration band ofammonium ions (NH4) at
1405 cm~\ associated with N—H deformation vibration at
1558 cm~^ [12]. The bands in the range of400-800 cm" provide
useful information forTi-0 materials (theinset inFig. 6). The weak
bands at 854 and 610 cm"' are attributed to the stretching vibra
tion ofTi-0 intheTiOe octahedron, indicating the presence ofTi-
containing species. This is evidenced by the presence of a band
corresponding to Ti-O-Ti bonds at 509 cm"', and the bending
•®l(b) \S
Wavenumber/cm"
53 <D
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Fig. 6. FTIR spectra of (a) as-grown array, and of the array after treated by hot water at
90 "C for (b) 1and (c) 3h. The inset shows the magnified spectra in the range 400-
800 cm"'.
vibration of Ti-0 in the TiOe octahedron at 453 cm After
subjection to hot water treatment, the bands at 2946 and
2860 cm"' arise from the degradation oforganic compound: C-H
bonds become slightly stronger than that of as-grown one. This
implies the removal of organic species through the dissolution of
residual EG. as agreed by several researchers [11.35.36]. The
removal of adsorbed ammonium species is manifested by the
disappearance ofbands located at 1558,1461,1405 and 1072 cm .
The peak intensities of bands at 1232 and 1137 cm"' increased with
increasing exposure time, implying that hot water treatment
promoted the formation of alicyclic compounds (C-O-C) [37].
Furthermore, stretching vibrations from carboxyl groups (—COOH)
were observed at 2369 and 914 cm"'. These resulted from the
formation ofmetal carboxylate complexes through the chelation of
metal ions. The spectra ofhot water-treated arrays clearly showed
a broad band at 3422cm"' as well as a sharpband at 1633 cm .
These are ascribed to the stretching vibration of-OH bonds and
chemisorbed H2O. respectively. Ashoulder at 3126 cm ' reflecting
the Ti-OH bonds indicates thestrong interaction between Ti +ions
and OH groups [13.15,36]. The Ti-OH bonds were caused by
hydrolysis at the oxide/water interface, and consequently formed
amorphous hydroxide and hydrous oxide (reaction (1)). Subse
quent condensation resulted in the nucleation ofTi02 crystallites(reaction (2)) [38.39]. The excess amount of OH" ions contributed
to stronger Ti-O bonds in the TiOs octahedron, which is confirmed
by the stronger stretching vibrations (854 and 610 cm" ) and
bending vibrations (487 and 453 cm"') of the TiOg octahedron.
=Ti-OR-I-H2O-» =Ti-OH-I-R(OH) (1)
=Ti-OH + RO-Ti= —=Ti-0-Ti + R(OH) (2)
XPS spectroscopy was used to further investigate the influence
ofhotwater treatment on the chemical state ofthearrays (Fig. 7).
The results dearly showed significant decrease in the peak inten
sity of F/s peak after hot water treatment, corresponding to rela
tively lower amount of Ti—F bonds in (NH4)TiF6 compounds [34].
This confirmed the dissolution of (NH4)TiF6 compounds by hot
water treatment. The CIs spectra exhibited peaks consistent with
the binding energies (Eb) ofC—C and C—H at ~284.4—284.6 eV(the
inset in Fig. 7). The presence ofcarbon is generally observed from
XPS spectra [6,40], as attributed to an adventitious carbon absorbed
from electrolyte and extraneous sources, e.g.. hydrocarbon from
environment following anodic oxidation [41]. Yumitori [42] sug
gested that the chemical shifts of1.3-1.7 eV. 2.5-3.0 eV and 4.0—
4.5 eV from the CIs peak to higher Eb correspond to C-OH, C=0
and COOH groups, respectively. In thiswork, anadventitious peak
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Fig. 7. XPS spectra of(a) as-grown array, and ofthe array after treated by hot water at
90°C for (b) 3 h.The insets show high-resolution spectra of07s. Ti2p and C7s.
ascribed to COOH bondswas detected at —288.5—288.6 eV, which
is in a good agreement with FTIR result. Asignificant decrease in
theintensity ofthepeak at -285.5-286.4 eV for hotwater-treated
array isascribed tothedecreased alcohol groups (C—OH) from the
residual EG electrolyte. TheTi2p spectraexhibited majorpeaks at
approximately 458.5 and 464.2 eV, corresponding to thecore level
Eb ofTi2p3/2 and Ti2pi/2 spin-orbital photoelectrons, respectively.
Thedifferent Eb between twocorelevels of —5.7 eV isattributed to
the presence of Ti^ ion [27,43]. The presence of a shoulder at
-1.6 eV lower than the Ti '^^ band is ascribed to the Ti^+ ions
defects, which resulted from the lower oxidation state ofTi'*'*'
through the following reaction, Ti^ -i- e" Ti^"*^ [28]. The peak
area percentage ofTi^"*" ions was 4.9% for as-grown array, and it
increased to 6.2% after hot water treatment. This reaction is facili
tated by an oxygen deficiency at the nanotube surface [31]. In
addition, adsorbed H2O also affects Eg, as observed from the 01s
peak shifting to higher Ee by -0.2 eV [44]. This resulted from the
dissociative adsorption ofH2O intoVq* [26,45,46]. The adsorption
ofH2O onthesurface ofhotwater-treated arrays isevidenced byan
additional peak consistent with adventitious adsorbed H2O mole
cules at -528.34 eVin the 07s spectrum [44],which is absent in
as-grown array. The 07s spectra have a major peak at 529.86—
529.89 eV that corresponded to the presence of oxide ions (0 ~)
[27,43]. An additional peak assigned to chemisorbed -OH species
wassimultaneously detectedat -531.3 eV. as similarto literatures
[43,46]. It is noteworthy that hot water-treated array exhibited
a relatively weak -OH peak compared tothat ofas-grown array. By
quantitative comparison ofhydroxyl and oxide peaks [27], the —OH
ratio was found to decreasefrom0.459to 0.323following hot water
treatment becauseof reactionbetween chemisorbed—OH andTi
ions to form Ti02 crystallites. Furthermore, the OH-rich surface is
thermally less stable than the02-rich surface, which resulted inthe
presence ofO2 at defect sites rather than —OH [46].
Light absorption characteristic ofhotwater-treated Ti02 nano
tube arrays was investigated by UV—vis absorption incomparison
to a commercially available Ti02. Degussa® P25 and heat-treated
Ti02 nanotube arrays. P25 powder exhibited the absorption band
of-400 nm (Fig. 8). asalso observed byseveral reports [15,17]. Itis
visible
(a) VV:
200 300 400 500 600
Wavelength /nm
700
Fig. 8. UV—vis absorption spectra of(a) P25 Ti02 powder, (b) ofthe array after treated
by hot water at90 "C for 3h, and (c) ofthe array after heat treatment at400 "C for 4h
clearly seen that hot water-treated nanotube arrays exhibited
redshiftofabsorptionband approximately 30 nm,as similarto that
of heat-treated nanotube arrays.The improved absorption band can
be divided into roughly two parts including a shoulder band at
400-430 nm and tail-like band at 430-500 nm. This is similar to
several literatures on carbon-doped T1O2 [15,47]. The light
absorption ofTi02 primarily arises from the electronic transition
from 02p and Ti3d orbitals. The incorporation ofcarbon into Ti02
nanotube arrays lowered the Eg by the generation of localized C2p
state, thereby enabling redshift approximately 30 nm and the
presence ofshoulder absorption band [48,49]. The increased band
intensity implies the improvement of light absorption after incor
porated carbon impurity intoTi02 nanotube arrays. Moreover, the
presence oftail-like absorption band up to500nmconfirmed that
interstitial carbon acts as a photosensitizer. This is ascribed to the
charge-transfer transition from C2p state to Ti3d state. Peralta-
Hernandez et al. [50] suggested that interstitial carbon on the
surface ofTi02 could retard the recombination of charge carriers,
and thus contributes to the better photocatalytic oxidation.
Fig. 9 shows the jptransient ofas-grown and hot water-treated
Ti02 nanotube arrays underinterrupted light. /\s-grown nanotube
arrays exhibited poor light responsiveness with low jp of
-0.06 mA cm~^ because of surface-trap filling in its strongly
0.15
0.05
(e)\. Anodic spike
' r
(illuminated)
0 100 200
Time/s
Fig. 9.jptransient of(a) as-grown array, and ofthe array after treated by hot water at
90 "C for(b) 1,(c) 3, (d) 6 and(e) 12h underinterrupted light.
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Rg.10. Visible-light degradation of MB aqueous solution using(a} as-grown arrays,(b)
P25Ti02 powder, (c) the arrays after heat treatment at 400 °C for 4 h in air. and the
array after treated by hot water at 90 "C for (d) 1.(e) 3 and (f) 6 h.
distorted structure, amorphous structure [51 ]. Hot water-treated
1102 nanotube arrays exhibited greater light responsiveness
compared with as-grown nanotube arrays. The jp value increased
significantly to -0.11 mA cm~^ after hot water treatment for 1 h,
and it increased continuously upon increasing the treatment time.
A maximum jp of —0.15 mA cm"^ was obtained by hot water
treatment for 12 h. Hot water-treated arrays showed an instanta
neous change in jp under light irradiation, and followed by an
exponential decrease in value ofjp with time. The initial maximum
(anodic spike) indicates good trapping filling and rapid trans
portation of charge carriers [33]. The cathodic spike that corre
sponds to the recombination of the e~ at Cb with /i"*" trapped at the
surface [19J was not observed. This infers that anatase Ti02 nano-
crystallites possess high surface-active sites, such as surface OH
groups and adsorbed oxygen [11,52]. The presence of Ti^"*^ ionson
the surface of hot water-treated nanotube arrays simultaneously
improves photocatalytic activity by trapping photogenerated e".
similar to metal ion-doped Ti02 [53].
The significance of hot water treatment on the photocatalytic
activity ofTi02 was further investigated by the decolorization of MB
under visible-light irradiation. Fig. 10 clearly showed the contin
uous decrease in the concentration of MB with increasing exposure
time, as determined from the absorption band intensity of MB
positioned at —663 nm (the inset in Fig. 10). As-grown Ti02
nanotube arrays exhibited low PDof —10% after exposure to visible
irradiation for 5 h, as similar to that of P25 powder. These are
ascribed to the fact that as-grown nanotube arrays possess
amorphous structure and P25 powder absorbs only UV irradiation.
Besides, the decolorization is also attributed to the adsorption of
MB on the nanotube surface. The adsorption of dye molecule onto
the Ti02 surface strongly depends on the pH of the solution, owing
to the electrical charge of dyes and the photocatalyst surface [54].
The ionization state of Ti02 in acid—alkaline equilibriums has been
suggested as follow [55.56];
TiOH H+ - TiOHj (3)
TiOH -h OH" - TiO" -i- H2O (4)
The MB cationic dyes are strongly repulsed by the positively
charged of Ti02 nanocrystallites, particular when the pH of an
aqueous dispersion is less than the point of zero charge, pHpzc of
Ti02, ca.. 6.8. In contrary, the negatively charged Ti02 in alkaline
condition (pH >6.8) induced the attraction forces between the MB
and surface of TiOa, resulting in the adsorption of MBon the surface
ofTi02 [54,55]. Furthermore, large number of hydroxide ions under
alkaline condition promote the generation of hydroxyl radicals
(OH*), thus stimulate the photocatalytic oxidation [56]. In this
work, the pH was - 6.8-6.9, which is slightly higher than the pHpcz
of Ti02. This implies small amount of MB adsorption on the surface
of nanotubes. Hot water treatment for 1 h promoted the formation
of anatase Ti02 nanocrystallites, resulting in the enhancement of
PD to —38%. This is facilitated by the existence of adsorbed H2Oor
OH" ions on the surface of nanotubes [16,50]. The presence of
interstitial carbon on the surface of nanotubes facilitates the reac
tion, as described by Houas et al. [57]. Furthermore, the presence of
surface state, e.g., Vq* and Ti^^ simultaneously contributes to the
photocatalytic activity (49). Longer exposure time as 3 h enhanced
the photocatalytic oxidation, as manifested by the increase of PD to
-53%. This is attributed to higher photocatalytic activity of anatase
Ti02 nanocrystallites with higher crystallinity [58]. It is well-known
that the TiOi superficial hydroxyl group contributes to photo
catalytic activity. Hot water treatment plays an essential role to
promoting the adsorption of OH species on the surface of TiQ2
nanotubes, and consequently promotes the photocatalytic reaction.
Scheme 1 illustrates the photocatalytic reaction of hot water-
treated Ti02 nanotube arrays compared to conventional Ti02.
Theoretically, the exposure of a photocatalyst to light energy (hj/)
higher than Eb results in the transition of an e" from the 02p state
to the Ti3d state, leaving behind h'^ (reaction (5)) [56]:
Ti02 -F hv -» + ecB (5)
The preferentially moves to the semiconductor/electrolyte
interface. The most important photocatalytic reaction is trapping of
Anatase 1102" KJc
Adsorbed OH IS ^•'3
.-bJ lafc-water-treated Photocatalyst Conventional Photocatalyst
Scheme 1. Schematic diagram illustratesthe photocatalytic reaction of hot water-treatedTiOz and typical TiOz photocatalysts.
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adsorbed H2O or OH" ions on the surface of nanotubes by h\^B [50],
which consequently produce OH* (reaction (6)). Following hot
water treatment, the adsorbed OH species tremendously react with
to form OH* (reaction (7)). which subsequently contributes to
stronger photocatalytic oxidation. Simultaneously, electrons (ccb)
are trapped on the surface by reaction with adsorbed oxygen
species to produce superoxide anion radicals (0$: reaction (8)).
which then contribute to the formation of OH* by reaction with
H2O (reaction (9)) [15.17.31].
+ H20{ads) -» H"^ + OH*
+ OH" -» OH(ads)
ecB + O2 O2
2O2 + 2H2O 20H* + 20H- + O2
(6)
(7)
(8)
(9)
It is noteworthy that Ti02 nanotube arrays treated by hot water
for 3 h exhibited relatively higher photocatalytic oxidation rate
than heat-treated nanotube arrays. This is due to the fact that hot
water-treated nanotube arrays possess high BET specific surface
area of ~ 97.18-110.89 m^ g~\ which is significantly higher than
that ofheat-treated nanotube arrays, ca.. —31.45 m^ g~\ High BET
specific surface area has high reaction site, leading to the increase
in photocatalytic oxidation [59]. However, the PD reduced slightly
after exposure to the arrays treated by hot water for 6 h. This
resulted from poor light penetration into the arrays covered with
nanoparticles. Overall results emphasize the potential of hot water
treatment on the formation of anatase Ti02 nanocrystallites with
high photocatalytic oxidation.
4. Conclusions
The crystallization of Ti02 nanotube arrays was achieved by
a facile immersion of as-grown Ti02 nanotube arrays into hot water
at low temperature of -70-90 "C The control of temperature and
exposure time dominates the growth of anatase Ti02 nano
crystallites. Besides, the OH species and surface states induced by
the process facilitated the photocatalytic oxidation for dyes removal
under visible-light irradiation. This would benefit for the develop
ment ofoxide and semiconductor as an alternative method to form
the crystalline structure and control its photocatalytic properties.
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ABSTRACT
Incorporation of WO3 into C-Ti02 nanotubes was prepared via RFsputtering technique to improve water
splitting performance. Optimum WO3 content incorporated into C-Ti02 nanotubes play a crucial role in
improving the photocurrent density by suppressing the recombination of charge carriers. The experimen
tal results showed chat WO3 incorporated C-Ti02 nanotubes for 30 s sputtering duration exhibited a max
imum photocurrent density and good photoresponse than that of C-Ti02 nanotubes under visible light
illumination, which is about 2 times improvement in water splitting performance. The presence of opti
mum contents of WO3 in TiOa will act as mediators for trapping photo-induced electrons and minimize
the recombination losses.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Nowadays, serious environmental pollution and energy crisis
are the most threatening problems to the human kinds. Therefore,
executing research for generating green and clean energy has been
the passion for scientists, which can provide us energy in sustain
able manner [1-5]. In this case, water splitting for hydrogen gener
ation under visible light is one of the most innovative solutions for
the supply of clean and recyclable hydrogen energy [6-10]. Since
the introduction of titanium dioxide (7102) as photoelectrode in
photoelectrochemical (PEC) water splitting reported by Fujishima
and Honda [11], Ti02 has attracted considerable scientific interest
due to its unique chemical and physical properties, especially self-
organized and highly ordered Ti02 nanotubes (12-16). However,
poor visible light absorption and rapid recombination of charge
carriers limit the widespread use of Ti02 nanotubes [14,17-19].
Over the past 10 years, numerous studies have been reported that
incorporation of anionic or cationic into TiOa nanotubes could
overcome the recombination losses of photo-induced charge carri
ers and improve the water splitting performance under visible
light illumination (20-24).
Early reports by Paulose et al. (25) and Parket al. [26] claimed
that vertically grown of carbon (C)-doped Ti02 nanotubes with
high aspect ratios could be achieved directly by using ethylene
glycol as an electrolyte during potentiostatic anodization. They
found that C-doped Ti02 nanotubes demonstrated remarkable
* Corresponding author. Tel.: +60 604 5995255; fax; +60 604 5941011.
£-mni/ address; srimala@eng.usm.my {S.Sreekantan).
0925-8388/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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water photoelectrolysis performance under visible light illumina
tion (>420 nm) than that of pure Ti02 nanotubes. This statement
was in agreement with the report from Shankar et al. [27], and
Mohapatra et al. (28). In addition, C-TiOa nanotubes have been
proved as an efficient visible light responsive photocatalyst and
could be applied in several potential applications (e.g., water pho
toelectrolysis, dye-sensitized solar cell, and degradation of organic
pollutants) [25-31]. In fact, this finding was attributed to the ex
ceed electrons introduced by the interstitial C impurity transfers
to the Ti3d state at the bottom of conduction band, which resulted
in the narrow band gap energy of the Ti02 nanotubes and respon
sive to visible light illumination [30-32]. In order to further im
prove the transportation of photo-induced of charge carriers and
minimize the recombination losses, considerable effort has to be
exerted to further improve the PEC water splitting performance
under visible light illumination.
Lately, unique features of the binary mixed oxide photocatalyst
of W03-Ti02 system have gained much attention [33-37]. Several
studies have been reported that modification of pure Ti02 with
WO3species could promote the much efficient charge carriers sep
aration [33-39]. The reasons of WO3 coupled with Ti02 are attrib
uted to the WO3 can offer relatively small band gap energy than
pure Ti02 and higher corrosion stability in aqueous solution
[34.36]. The resultant binary mixed oxide nanotube arrays pos
sesses different redox energy levels for their corresponding con
duction band and valence band, which could accumulate of
photo-induced electrons and holes in two different metal oxide
semiconductors [33-39]. Thus, the relationship between the small
band gap energy of WO3 on C-Ti02 nanotubes as well as their PEC
44 CW. Lai. S. Sreekantan/Journal of Alloys and Compounds 547 (2013) 43-50
water splitting remains unclear. Moreover, the role of optimum
WO3 content into the C-Ti02 nanotubes in the development of effi
cient visible light responsive photocatalyst remains to be deter
mined. To the best of our knowledge, coupling C-Ti02 nanotubes
with WO3 through a radio frequency (RF)sputtering technique that
resulted in improving the PECwater splitting performance are lim
ited. In this study, detail investigation was carried out to optimize
the sputtering duration for WO3 incorporated C-Ti02 nanotubes
with enhanced visible light driven water splitting performance.
2. Experimental procedure
Ti02 nanotubes were produced by anodization of titanium (Ti) foil at 60 V in a
bath with electrolytes composed of 100 mL of ethylene glycol. 5 wt.% of ammonium
fluoride (NH4F),and 5wt% of hydrogen peroxide (H2OJ) at 60 V for 1 h. Then, con
tinuous addition of 0.5 mL of H2O2 into the electrolyte at 10 min intervals was per
formed during anodization. Based on our preliminary studies, smooth and higher
aspect ratio of nanotubes could be produced when they are maintained around this
value 140-42). Then, sputtering process was conducted to incorporate W onto the
as-prepared Ti02 nanotubes using RF sputtering machine (Penta Vacuum) with a
W target (diameter = 1524 cm: thickness = 6 mm). Prior to sputtering, the vacuum
chamber was maintained at lower than 1 x 10"®Torrwhile the pressure was kept
at 10"' Torr.The sputtering was carried out in argon atmosphere with the flow rate
was kept at 50 seem. A high frequency generator was used generating electromag
netic power in the MHz region (13.56 MHz). The discharges were generated at
150 W. The duration of sputtering was varied from 30 s. 1.3. 5. and 10 min. After
the sputtering process, samples were thermal annealed at 400 "C in argon
atmosphere.
The morphologies of the nanotubes were observed by field emission scanning
electron microscopy (FESEM), using a Zeiss SUPRA 35VP at a working distance of
around 1 mm. The element analysis of the W incorporate into the Ti02 was deter
mined with EDX (energy dispersion X-ray) which is equipped in the FESEM. The
morphologies and distribution of the element within the nanotubes (mapping anal
ysis) were further confirmed by transmission electron microscope (TEM). using FEI
CM 12 transmission microscope. The Raman spectra and photoluminescence (PL)
spectra were recorded at room temperature using an IS 55 luminescence spectrom
eter (Jobin-Yvon HR 800UV). Chemical states were characterized by X-ray photo-
electron spectroscopy (XPS: JEOLJPS-1000SX) with a dual X-ray source, of which
the Al-Ka(30 kV) anode and a hemispherical energy analyzer were used. The back
ground pressure duringdata acquisition was maintained at 7.0 x 1G~^ Torr.Allthe
binding energies were calibrated using contaminant carbon (C1s° 284.6 eV) as a
reference.
The PECwater splitting performance of the samples were characterized using a
three-electrode PEC cell with W03-Ti02 nanotube arrays as anode, a platinum rod
as the cathode, and a saturated calomel electrode (SCE)as the reference electrode in
a quarts cell filled with 1 M potassium hydroxide (KOH)containing 1 wt.%of ethyl
ene glycol. Based on our preliminary studies, optimum amount of 1 wt% of ethylene
glycol was found to be a potential hole scavenger (electron donor) in 1 M KOH elec
trolyte to further minimize the recombination of charge carriers and improve the
PECperformance |43|. To simulate solar irradiation, a light beam with an intensity
of issBOO W/m^ generatedbya 150W arc lamp (Zolix LSP-X150) was focused on the
immersed portion of the photoelectrode. Allof the three electrodes were connected
to the potentiostat (pAutolab III); the corresponding photocurrent was measured.
3. Results and discussion
The top and side view of the C-Ti02 nanotubes before loading
with WO3 via sputtering process as illustrated in Fig. 1(a). The
nanotube arrays were vertical to the Ti substrate as shown in the
inset of Fig. 1(a). The tubes have an average diameter of 120 nm.
an average length of 12 pm, and an average wall thickness of
12 nm. Then, the C-Ti02 nanotubes were duplicated, and the fol
lowing experiment was carried out by varying sputtering durations
from 30 s to 10 min. The FESEM images of the synthesized nano-
structures after the incorporation of WO3 on C-Ti02 nanotubes
are shown in Fig.1(b-f). These images showed that the appearance
of the nanotubes were dependent on the sputtering duration. The
morphologies of samples sputtered for 30 s and 1 min were very
similar appearance to the C-Ti02 nanotubes. but the average wall
thickness of the nanotube was found slightly increased to 15 and
20 nm. respectively. As sputtering duration increased to 3 min,
the wall thickness of nanotube was increased to 30 nm with an
average inner pore diameter of 90 nm. The wall thickness of
nanotubes was dramatically increased to 70 nm. resulted in a nar
row pore entrance of about 50 nm when further increased sputter
ing duration to 5 min. However, as sputtering duration increased to
10 min. the pore entrances of the nanotubes were completely
clogged with the WO3 species and negatively affected the self-or
ganized nanotubes.
Subsequently. EDX analysis was employed to identify the chem
ical stoichiometry of the C-Ti02 nanotubes and WO3 incorporated
C-Ti02 nanotubes with different sputtering durations. The results
from the EDXspectra are summarized in Table 1. For C-Ti02 nano
tubes. the peaks of Ti, 0. and C were observed from the EDXspec
trum, which indicated the presence of the Ti, 0. and C elements in
the bulk of nanotubes. An additional peak of W could be observed
at binding energy of 1.77 keV for WO3 incorporated C-Ti02 nano
tubes. The intensity of the W peak increased and become more
prominent with increasing the sputtered duration as presented in
Table 1. The EDX analysis for the sample sputtered for 30 s.
1 min. 3 min. 5 min and 10 min show 0.92, 1.03, 2.95, 11.60 and
19.00 at.% of W contents, respectively.
Next, elemental mapping was carried out to examine the distri
bution of the elemental within the structural of WO3 incorporated
C-Ti02 nanotube using the TEM analysis. Certain samples were se
lected for the TEM analysis. Fig. 2(a) shows the TEM images of the
sample sputtered for 30 s. The TEM image showed that hollow tube
opening without any serration. It was further affirmed that nano
tube was free from the aggregation of WO3 species. In order to fur
ther identify the WO3 species on nanotubes, the W-mapping
analysis was conducted. It was found that the W species were uni
formly deposited on the surface of Ti02 nanotubes (Fig. 2(b)).
Meanwhile, Ti-mapping and 0-mapping showed that Ti and 0 ele
ments could be detected from the nanotube surface as exhibited in
Fig. 2(c) and (d). This result infers that the well-mixed heterojunc-
tions in this hybrid nanotube. A low WO3 content could be diffused
into the Ti02 lattice easily and formed W-O-Ti bonding or located
at interstitial sites within this hybrid nanotube. In fact, the ionic ra
dius of ions (0.074 nm) was slightly smaller than that of Ti'**
(0.0745 nm) [44). By contrast, the TEM image of the sample sput
tered for 10 min was exhibited in Fig. 2(e). The aggregation of
the WO3 inside the nanotube arrays was clearly observed. The pore
entrance of the nanotubes was completely blocked by the WO3
species as an independent structure. These TEM images are in
accordance with the results of FESEM and EDX.
In the present study, Raman analysis has been used to deter
mine and understand the structural changes of WO3 incorporated
C-Ti02 nanotubes upon heat treatment for 4 h in argon atmosphere
as shown in Fig. 3. For C-Ti02 nanotubes. the obvious Raman
modes at 199, 395, 515, and 638 cm"' are consistent with the
moderately distorted TiOg octahedron in the anatase structure
(Fig. 3(a)) [33.44-46]. This result infers that the role of heat treat
ment is to transform amorphous structure ofTi02 into the crystal
line anatase phase. In fact, numerous studies have been reported
that the crystalline anatase phase performed better photoactivity
than that of rutile phase or brookite phase due to larger surface
area and higher degree of hydroxylation (number of hydroxyl
group on the surface) [47-49]. The WO3 phases were difficult to
identify in the Raman spectra for the sample sputtered for 30 s
as shown in Fig. 3(b). The reasons may be attributed to C-Ti02
nanotubes containing a low content of the WO3 species
(0.92 at.%). In addition. Yang et al. reported that Raman bands of
WO3 phase were almost similar to those of anatase phase and were
overlapped by strong, broad bands of anatase phase in Raman
spectra [50]. Thus. WO3 peaks were difficult to identify in the
Raman spectra, especially very small content of WO3. However,
additional peaks were found for the C-Ti02 nanotubes containing
a high content of WO3 (19 at.%) as shown in Fig. 3(c). The peaks
at 269. 322. 702, and 804 cm"' were observed and assigned to
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Fig. 1. (a) Top view and side view of C-Ti02 nanotubes; and top view of the C-TiOj nanotubes sputtered for(b) 30 s. (c) 1min. (d) 3min. (e) 5min. and (f) lOmin.
nbie 1
Average elemental compositions (at.X) of C-Ti02 and WOj incorporated C-IiOi
nanotubes produced at different sputtering durations obtained from EDX analysis.
Duracion of sputtering Ti (at.%) 0{at.*) W (at.%1 C(aC.«)
34.33 61.14 - 4.54
30 s 36.91 57.05 0.92 5.12
1 min 36.67 56.78 1.63 4.92
3 min 39.02 53.16 2.95 4.88
5 min 31.08 49.87 11.60 7.44
10 min 23.22 50.78 19.00 7.00
the crystalline monoclinic WO3 phases (33,45,50]. Raman peaks at
702, and 804 cm"' infers that the stretching modes of O-W-0
chains and W=0. respectively (46,51].
XPS was employed to reveal the valence statesand the surface
chemical composition ofthe WO3 incorporated C-Ti02 nanotubes.
Elements of Ti, 0, C. and W existed in this hybrid nanotube as pre
sented in the XPS surveyspectra (Fig. 4(A)). TheXPS resultswere in
accordance with the results of EDX analysis. It could be noticed
that XPS intensity ofthe W peaks were increased upon sputtering
duration. Herein.W4f XPS spectra was presented because binding
energies assigned to W4f could be manifested that the presence of
W-O-Ti bonding (Fig. 4(B)). The presence of W-O-Ti bonding is
crucial to show the contraction of WO3 unit cells within the Ti02
lattice [52-54]. According to the curve fit data, sample sputtered
for 30 s exhibited the doublet peaks with 35.7 and 38.2 eVbinding
energies correspond to the W4f7/2 and W4f5/2, respectively. It is
noteworthy to point out that sample sputtered for 10 min showed
the positively shift of the binding energies ofW4f7/2 andW4f5/2 to
36.3 eV and 38.3 eV.The resultant binding energies further confirm
that the excess WO3 species accumulate on the surface of the
nanotubes. which almost consistent with those energy levels of
WO3 species (52,54]. This result further affirmed that the nano
tubes are completely blocked by the WO3 species and appeared
as an independent structure, which in line with the TEM images.
PL analysis has been widely used to probe the electronic struc
ture of a material, including the band gap determination, and the
information regarding to the immigration of photo-induced charge
carriers. Fig. 5 shows the PL spectra of WO3 incorporated C-TiOi
nanotubes sputtered for 30 s and 10 min. It was observed that both
samples exhibited a maximum peak at 536.5 nm, which located in
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Rg. 2. (a)TEM image ofWO3 incorporated C-Ti02 nanotubes sputtered for 30 s;and its mapping image of{b) Welement. (c)Ti element, (d) 0 element, and (e)TEM image of
WO3incorporated C-TiOjnanotubes for 10 min.
a visible region. Theband gap energy(Ebg) in this wavelength was
calculated as follows: £bg =hc/,i, where h is Planck's constant
(4.135667 X10'^^ eVs). c is the velocity of tight (2.997924 x
10® m/s). and Ais the wavelength (nm) of PL emission. The band
gap energyforboth WO3 incorporated C-Ti02 nanotubeswas about
2.4 eV. Interestingly, sample sputtered for 30 s exhibited the
reduction in the PL intensity. This result infers that the recombina
tion of photo-induced charge carriers was reduced by increasing
the lifetime of the charge carriers. Thus, the photo-induced charge
carriers were transported with minimal losses and eventually re
lease much more electrons/holes pairs within the sample [33,541,
The higher PL intensity peak for the sample sputtered for 10 min
manifested that the recombination rate for photo-induced charge
carriers was higher rather than facilitate the immigration. Obvi
ously. higher WO3 content formed independent layer on the nano
tubes wall surface, which acted as defect sites or recombination
sites for the charge carriers and hindered the immigration of
charge carriers.
To investigate the beneficial of the WO3 incorporated C-Ti02
nanotubes in charge carriers separation and water splitting perfor
mance, a series of the PEC experiments were conducted. Fig. 6(A)
shows the photocurrent densities for the different sputtering dura
tions of WO3 incorporated C-Ti02 nanotubes. A maximum photo-
current density of 2.30 mA/cm^ was observed for the Ti02
nanotubes subjected to the W deposition for 30 s. which is relatively
high compared to the pure Ti02 (1.2 mA/cm^). As the sputtering
time increased, the photocurrent density relatively decreased, and
reached a minimum current density of 0.20mA /cm^ after deposi
tion for 10 min. Furthermore, photoresponse was investigated
towards the interruption of light was studied at fixed bias voltage
at 0.6 V vs. SCE.The photocurrent density of Chesamples was mea
sured and the potentiostatic plots of the photocurrent are plotted in
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Fig. 3.The Raman spectra: (a) C-TiOj nanotubes. and C-TiOj nanotubes sputtered for (b) 30 s and (c) 10 min.
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Fig. 4. (A) Full XPS survey spectra, and (B) XPS spectra of the W4f regions: (a) C-TiOj nanotubes, and C-TiOa nanotubes sputtered for (b) 30 sand (c) 10 min.
Fig 6(81 All the samples showed good photoresponses and highly off conditions. These results further inferred that WO3 incorporatedreWducible for numerous on-offcycles under the light on and light C-TiOz nanotubes are good photo-responsive semiconductor to
A.
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Fig. 5. Photoluminescence (PL) spectraof C-TiOi nanotubes sputteredfor(a) 30s and (b) 10min.
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Fig. 6. (A) Curve of the photocurrent density vs. the applied potential, and (B) potentiostatic plot of photocurrent density for C-TiOz nanotubes sputtered for (a) 30 s. (b)
1 min,(c)pure C-TiOz nanotubes. (d) 3 min.(e) 5 min,and (f) 10min.
generate and decay of photo-induced electrons and holes. These
experimental results are in accordanceto the decrease in photocur
rent density.
From the PEC experimental results obtained, optimum content
of WO3 incorporated into C-Ti02 play an important role in maxi
mizing the photocurrent density mainly attributed to the effective
charge carriers separation and improve the charge carriers
transportation. However, excessive WO3 content in C-TiOa nano
tubes caused the detrimental effect, which acted as recombination
centers to trap the charge carriers and resulted in a low quantum
yield. These results are in line with literatures [33-39,52-58],
which suggests the presence of optimum contents of WO3 in
Ti02 will act as photo-induced electrons acceptor from the
C-Ti02 nanotubes. A simple schematically illustration of the
CW. Lai. S.Sreekantan/Joumal of Alloys and Compounds547 (2013) 43-50 49
E"(HVHj)
E° (Oi/HjOy
WOj
TiO,
Fig. 7. Schematic diagram ofthephoto-induced electrons (e~) trapped by WO3 under visible light illumination.
photo-induced electrons (e~) trapped byWO3 is presentedin Fig. 7
to explain the transportation ofphoto-induced electrons under vis
ible light illumination. It is a well-known fact that WO3 states are
reportedto liewithin the bandgapofTi02 (about 0.2-0.8eV below
the conduction band of Ti02) and thus, the interpretation of inter-
bandstates (mismatch of the band energiesofTi02- and WO3) will
acts as mediators for trapping photo-induced electrons under vis
ible light illumination (31-33,49-541.
4. Conclusion
The present work clearly to showa strongly beneficial effect of
the WO3 species incorporated C-Ti02 nanotubes in improving the
PEC watersplitting performance than that of the C-Ti02 nanotubes.
A low content of WO3 (0.92 at.%) incorporated C-Ti02 nanotubes
after subjecting to 30 s of sputtering duration demonstrated a
maximum photocurrent density of2.3 mA/cm^ under visible light
illumination. This is ascribed to an effective separation of charge
carriers and greatly reduces the recombination losses within the
bulk of C-Ti02 nanotubes. Such mechanistic understanding and
findings is very important for improving the PEC water splitting
performance, which may be used to realize the pollution-free
hydrogen economy in our future.
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